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ABSTRACT 
In mosquitoes, the immune responses are divided into two main components: the 
humoral component that consists mainly of pattern recognition receptors and anti-microbial 
peptide production, and the cellular component, that consists of hemocytes or blood cells that 
circulate in the open body cavity or hemocoel. Hemocytes are involved in a variety of 
immune effector responses, including phagocytosis and melanization in mosquitoes. 
Although humoral responses in mosquitoes are well studied, the cellular component of the 
innate immunity still remains under-explored. This is particularly evident in the case of 
mosquito-arbovirus interactions, where the role of hemocytes, the primary immune cells, in 
establishing vector competence is unclear. In the case of phagocytosis of microbes, while 
most of the research efforts concentrate on identifying pathogen-specific receptors, there is a 
paucity of information on the use of the endocytic machinery for pathogen uptake or the 
events that leads up to the degradation of the phagocytosed microbe. 
In the current study, the role hemocytes might play in mosquito-arbovirus interactions 
was explored. Adult female mosquitoes from four different species were injected with the 
prototype alphavirus - Sindbis virus (SINV), and infection status of hemocytes was 
examined. Hemocytes, particularly granulocytes, which are the phagocytic cells, exhibited 
virus infection from 6 hours post-infection (hpi) for up to 96 hpi, with two strains of SINV, 
the transducing TE/5’2J/GFP and the orally infectious MRE16-eGFP, in four different 
species of mosquito. Similar results were obtained when the mosquitoes were exposed to the 
virus via per os infection, i.e. the natural route using SINV MRE16-eGFP. SINV was shown 
to use hemocytes as a site for amplification. Additionally, upon examining the virus entry 
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mechanisms into mosquito hemocyte-like cells, SINV was shown to use the clathrin-
mediated endocytosis machinery for entry, aided by the use of acidic compartments, 
cytoskeletal network and signaling cascades. In vivo, fewer hemocytes are infected with 
SINV when clathrin-mediated endocytosis is pharmacologically suppressed; these studies 
also showed that virus replication in hemocytes is important for dissemination into other 
tissues. Additionally, pathogen uptake by hemocytes was assessed using latex bead exposure 
to the same hemocyte-like cell line. Signaling cascades that govern the vesicular trafficking 
via cytoskeletal filament-polymerization and acidification of endosomes were found to be 
important for particle uptake. These assays showed that significant differences exist between 
virus entry and particle uptake in hemocyte-like cells. Moreover, a novel protein, Kill me 
now (KMNP), was characterized and its role in phagocytosis of bacteria analyzed. This 
protein was found to be specifically involved in the degradation of Gram-negative bacteria 
post phagocytosis. KMNP suppression had no effect on phagocytosis and degradation of 
Gram-positive bacteria or on amplification of SINV in hemocytes. 
Overall, these studies further highlight the importance of hemocytes and cellular 
immunity in vector-pathogen interaction in the processes of phagocytosis and arbovirus 
amplification and dissemination; moreover, this work adds a new dimension in the form of 
mechanistic understanding of the cellular machinery involved in these mosquito-pathogen 
interactions. 
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CHAPTER 1 
GENERAL INTRODUCTION 
1.1 INTRODUCTION 
Arthropod vectors are responsible for transmitting a variety of disease agents 
worldwide and have a tremendous impact on public and veterinary health and 
socioeconomics.  The sheer abundance of vector species, compounded by their motility and 
hematophagous nature, makes them excellent vectors or carriers of disease agents. 
Mosquitoes in particular are major vectors of disease agents worldwide, and are responsible 
for transmitting a variety of pathogens. Mosquitoes impact global public health and the 
economy by transmitting pathogens that cause devastating infectious diseases including 
malaria, dengue and yellow fever. For example, Anopheles gambiae is the main vector of the 
disease agent Plasmodium falciparum in Africa, the causative agent of malaria, a disease 
endemic in approximately 106 countries (WHO, 2010c).  In 2008, an estimated 190 - 311 
million cases of malaria were recorded worldwide and 708,000 - 1,003,000 people died, most 
of them young children in sub-Saharan Africa (CDC, 2010). Dengue virus (DENV) causes 
dengue fever and dengue hemorrhagic fever and is transmitted by the mosquitoes 
Aedes aegypti and Aedes albopictus, which are found in tropical countries. Nearly 500,000 
cases of dengue hemorrhagic fever and 22,000 deaths are recorded annually, mainly among 
children (WHO, 2010a). The Ae. aegypti mosquito is the principle vector responsible for 
transmitting Chikungunya virus (CHIKV) to humans along with Ae. albopictus. 
Chikungunya fever occurs in Africa, Asia and the Indian subcontinent and is a cause of high 
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morbidity in these areas (WHO, 2008). The causative agents for lymphatic filariasis are 
Wuchereria bancrofti and Brugia malayi; this disease affects over 120 million people in 80 
countries throughout the tropics and sub-tropics of Asia, Africa, the Western Pacific, and 
parts of the Caribbean and South America (WHO, 2011). In Africa, Culex and Anopheles are 
the most common vectors and Aedes and Mansonia species can transmit the parasites in the 
Pacific and in Asia (WHO, 2011). West Nile virus (WNV) entered United States in 1999, and 
was earlier found in a wide geographic range including Africa, Australia, Europe, the Middle 
East and West Asia (WHO, 2010b). In the year 2010 alone, 981 cases of West Nile 
encephalitis were reported in United States. These statistics are staggering, especially 
considering that the diseases mentioned above are just some of the major diseases vectored 
by mosquitoes. 
Most of the methods used to control vector-borne diseases presently include 
chemoprophylaxis and vector control. Use of dichlorodiphenyltrichloroethane (DDT) to 
control vector populations proved to be effective during initial efforts to control the malaria 
burden, but the ban on the use of DDT has required renewed efforts to focus on integrated 
management of the disease (see van den Berg, 2011). Insecticide-treated bed-nets in Africa 
have reduced the malaria burden enormously by decreasing the biting frequency of 
mosquitoes (see Pennetier et al., 2009). Current methods of mosquito control include the use 
of DEET and pyrethroids (see Pennetier et al., 2009). Bacillus thuringiensis subsp. 
israelensis (Bti) or S-methoprene (Insect Growth Regulators) containing products are also 
used for larval control (see Balaraman, 2005, Baker et al., 2010). These methods, including 
adult and larval mosquito control, rapidly control pest and nuisance mosquitoes, but are often 
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expensive in terms of manpower, equipment and inventory, and in case of insecticides, more 
likely to affect non-target organisms.  
However, there is a growing need for alternate methods for mosquito control, due to 
pesticide and insecticide resistance and also because other methods are not as effective. To 
this end, a great deal of research in the field of disease control is focused on creating 
transgenic mosquitoes that lack the capacity to transmit disease agents. To create a 
genetically engineered mosquito that lacks the ability to transmit a particular pathogen, it is 
essential to understand the basic biology of vector-pathogen interactions at physiological and 
genetic levels (Beerntsen et al., 2000) and is explained briefly below. 
1.2 VECTORIAL CAPACITY AND VECTOR COMPETENCE 
Vectorial capacity is the overall ability of a given vector species in a specific place at 
a particular time to transmit a pathogen (Woodring et al., 1996). It is defined as the average 
number of potentially infective bites per vertebrate host in a population (Black et al., 1996). 
Various factors determine the vectorial capacity of a given vector population including 
vector-pathogen interactions, vector and/or pathogen genetics, vector population size, vector 
longevity, feeding behavior and length and number of gonadotrophic cycles (Woodring et al., 
1996). Black and Moore (Black et al., 1996) modified “Macdonald’s equation” and defined 
vectorial capacity quantitatively as: 
𝑉 = 𝑚 ×  𝑎2 ×  𝑝𝑛  × 𝑏
− ln 𝑝  
where, 
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V = total number of infectious bites 
m = vector:host ratio (vector density) 
a = host preference index × feeding frequency (probability that a vector feeds on a host in 
one day) 
b = proportion of vectors ingesting an infective blood meal that successfully become 
infective 
p = daily survivorship of the vector 
n = duration of extrinsic incubation period (EIP) in days  
1/(-ln p) = vector survivorship post EIP 
Two terms are important in understanding this equation: n and b. The extrinsic 
incubation period (n) is defined as the time taken between the ingestion of an infectious 
blood meal to the time the vector is capable of transmitting the pathogen to the next host 
(Woodring et al., 1996). One of the important factors determining the EIP of a given vector-
virus system is temperature; an increase in temperature results in a shortened EIP. A decrease 
in EIP would increase the vectorial capacity of a given vector population as seen from the 
above equation. It is also speculated that increase in EIP would result in disease transmission 
(Hardy et al., 1983), and hence efforts to investigate this property would be valuable for 
developing disease control strategies.  
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The other factor of significance in determining the vectorial capacity is b, the 
proportion of vectors ingesting an infective blood meal that successfully become infective, 
termed as vector competence (Black et al., 1996). Vector competence is the intrinsic ability 
of a given vector to transmit a particular pathogen.  The various elements that control the 
vector competence of a given vector-pathogen system include the susceptibility of the vector 
to infection, ability of the pathogen to reproduce or develop in the vector, EIP, and the 
transmission efficiency (Woodring et al., 1996). In the case of arboviruses, various barriers 
have been described for infection and horizontal transmission in mosquitoes. These include 
the midgut infection barrier (MIB), midgut escape barrier (MEB), salivary gland infection 
barrier (SIB) and salivary gland escape barrier (SEB) (Black et al., 2002). For an arbovirus to 
cross the MIB, it would be necessary to establish infection in the midgut epithelium and to 
replicate in the epithelial cells. Once it replicates in the midgut, it would have to cross the 
epithelial cells and be released into the hemocoel. Failure to be released in the hemocoel and 
infect secondary target organs would be attributed to the MEB. The final barriers to 
transmission - the SIB and SEB - are important in not only establishing infection in the 
salivary glands and replicating in the tissue, but also the ability of the virus to be released 
into the salivary duct so that it can be transmitted with the next blood meal. These arbovirus 
transmission barriers are important determinants of vector competence of a given vector-
virus system. Genetic factors of both the vector and the virus are important when considering 
the elements that determine these transmission barriers, and hence vector competence. 
Recent research focus in the field of vector-borne disease has emphasized the identification 
of genes involved in vector-pathogen interactions and exploiting them to achieve reduced 
vector competence. For example, in a recent study, over-expression of the gene Akt with the 
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midgut specific promoter, carboxypeptidase, in transgenic Anopheles stephensi mosquitoes 
reduced Plasmodium falciparum development in the midguts of females and resulted in 
decreased numbers of infected females as well as reduced parasite loads in infected females, 
and therefore a diminished vector competence (Corby-Harris et al., 2010). Some recent 
studies demonstrate the use of paratransgenesis for mosquito control. Fang et al., used 
recombinant fungal spores of Metarhizium anisopliae to produce the antimicrobial peptide 
scorpine, salivary gland- and midgut-binding peptide 1 and a single-chain antibody, 
individually, or in combination, against P. falciparum sporozoites (Fang et al., 2011). Use of 
these recombinant fungal spores on infected An. gambiae females reduced parasite loads 
dramatically. In another study, genetically engineered Wolbachia pipientis bacteria were 
introduced into Ae. aegypti mosquitoes resulting in diminished fecundity in the mosquitoes 
along with decreased capacity to become infected with DENV (Popovici et al., 2010). In fact, 
the results were so successful that paratransgenic mosquitoes were released into open-fields 
in trials (Enserink, 2010). These are just some strategies to control vector competence that 
could accomplish the ultimate goal of decreased disease transmission. Finding additional 
target genes for a transgenic approach to control disease transmission is vital for these efforts 
to succeed.  
An important factor in determining vector competence to a particular pathogen is the 
immune responses a vector mounts when it encounters a pathogen, because, for the vector, 
harboring a pathogen comes at the cost of both fitness and fecundity (Matthews, 2011, Hurd, 
2003). Most of our understanding about immune responses in insects comes from model 
systems such as lepidopteran larvae and Drosophila, due to the ease of manipulation of these 
7 
 
  
insects as well as availability of information about their physiology. However, tremendous 
progress has been made in the last two decades on research conducted to study the immune 
response in mosquitoes. The arsenal of immune responses in mosquitoes in particular and 
insects in general consists of two separate arms, the humoral and cellular immune responses, 
which work in tandem. The humoral response consists of the activity of various soluble 
proteins present in the hemolymph or plasma milieu of the mosquito, whereas the cellular 
immune responses are attributed to the blood cells or hemocytes that are suspended in the 
hemolymph. These responses and the key players involved therein are described briefly 
below.  
1.2.1 HUMORAL IMMUNE RESPONSES 
Humoral immune responses in insects include soluble factors present in the plasma 
milieu or hemolymph of the insect. Upon entry of the microorganism into the hemocoel, they 
encounter humoral factors such as prophenoloxidase (PPO), pattern recognition receptors 
(PRRs), serine proteases and opsonins (see Blandin et al., 2007). These humoral factors are 
present constitutively in the hemolymph, and aid in the process of phagocytosis or 
melanization – the cellular effector responses. PPO and serine proteases are involved in 
melanization and encapsulation. Production of lectins in insect hemolymph is known to be 
induced by injury, and they circulate in the hemolymph and bind to carbohydrates in the cell 
walls of the microbes. This binding might be the initial signal for recognition and 
mobilization of hemocytes (Klowden, 2002).  
Additionally, there are factors in the hemolymph that are induced upon microbe 
invasion, and act as signaling molecules. In Drosophila, spaetzle (Spz) is produced from its 
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precursor via proteolytic cleavage in the presence of fungi and bacteria, and acts as a 
signaling molecule. Spz transcription is up-regulated in Drosophila hemocytes infected with 
bacteria (Irving et al., 2005). Spz cleavage is induced by the presence of PRRs such as 
peptidoglycan recognition proteins (PGRPs) - PGRP-SA and Gram-negative binding proteins 
(GNBPs) (see Valanne et al., 2011). Spz binds to the Toll receptors on the hemocytes to 
initiate the production of transcription factors such as nuclear factor κB (NF-κB) to induce 
transcription of various anti-microbial peptides (AMPs) (Imler et al., 2005). Toll, immune 
deficiency (Imd) and c-Jun N-terminal kinase (JNK) signaling cascades have been shown to 
be essential for AMP transcription in Drosophila (Uvell et al., 2007, Charroux et al., 2010).  
Action of various PRRs leads to the activation of receptor mediated signaling 
cascades. The Toll pathway was initially described in Drosophila to be involved in 
embryonic development and later was also shown to be important in the immune system (see 
recent review by Valanne et al., 2011). To date, nine Toll receptor-encoding genes have been 
identified in the Drosophila genome, and they have been shown to be important in 
embryonic development and immunity. Five Toll-like receptors (TLRs) have also been 
identified in humans, and all are involved in immunity. In insects, the Toll pathway is 
activated by the presence of Gram-positive bacteria and fungal infections, resulting in Spz 
binding to toll receptors (Pal et al., 2009). Downstream intracellular signaling is activated 
when the adaptor proteins MyD88, Tube and Pelle are recruited to form a complex. This 
leads to the phosphorylation and degradation of IκB factor Cactus, and in turn activation of 
NF-κB transcription factors Dorsal and/or Dif (Hetru et al., 2009). These transcription factors 
are then translocated to the nucleus where they activate the transcription of several target 
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genes including AMPs such as diptericin and drosomycin in Drosophila (Valanne et al., 
2011). In humans, the TLR pathway is activated by the presence of lipoproteins, flagellin and 
LPS. The downstream signaling involves activation of the mitogen-activated protein kinase 
(MAPK) or Gram-positive specific serine kinase (IKK). These proteins activate the NF-κB or 
activator-protein-1 (AP-1), which lead to the transcription of cytokines (Valanne et al., 
2011). The Imd pathway is activated by the presence of Gram-negative bacterial infections, 
resulting in activation of PGRPs, that stimulate the intracellular IMD molecules (Hetru et al., 
2009). This results in the activation of either the JNK pathway or the dorsal-related immunity 
factor death related ced-3/Nedd2-like protein (DREDD). The JNK cascade activates the AP-1 
transcription factor and is responsible for inducing genes related to stress response and 
wounding (Kallio et al., 2005). Activation of DREDD results in cleavage of Relish, a 
transcription factor that is responsible for inducing AMP production (Hetru et al., 2009). 
Mosquito immune signaling pathways and genomics of the proteins involved therein have 
been reviewed (Bartholomay et al., 2010, Waterhouse et al., 2007, Christophides et al., 
2002). 
In An. gambiae, AMPs are produced after bacterial challenge, mainly in the fat body 
and hemocytes and occasionally in the anterior midgut; are present in the hemolymph and are 
an important component of the humoral innate immune responses (see Levashina, 2004). 
AMPs are generally cationic in nature and are believed to bind to negatively charged 
microbial membranes causing stasis or lysis of the microbe (see Levashina, 2004, 
Lowenberger, 2001). The AMPs described in mosquitoes include, but are not limited to, 
defensins, cecropins, gambicins and transferrins.  
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Defensins were first described in the flesh fly Sarcophaga peregrina, in 1988 
(Matsuyama et al., 1988), but have been reported for several insects since then. In 
mosquitoes, defensins have been described in An. gambiae and Ae. aegypti as well as 
Culex pipiens (Richman et al., 1996, Lowenberger et al., 1999b, Bartholomay et al., 2003). 
Defensins are approximately 40 amino acids long, cationic and their primary characteristic is 
the presence of 6 cysteine residues. This AMP is found to be mostly active against Gram-
positive bacteria, and rarely against Gram-negative bacteria. There are three active isoforms 
of defensin that have been described in Ae. aegypti. Isoforms A and B are transcribed mainly 
in the fat body of immune activated Ae. aegypti and isoform C in the midguts of naïve 
mosquitoes (Lowenberger et al., 1999b). In An. gambiae, defensin was also shown to be 
expressed in anterior midgut post blood meal (Blandin et al., 2002). In Cx. pipiens, the 
defensin transcripts were found mainly in the fat body and hemolymph of bacteria inoculated 
mosquitoes (Bartholomay et al., 2003). Transcription of defensin has been shown to be dose 
dependent in bacteria inoculated Ae. aegypti (Bartholomay et al., 2004). In the same study, 
the authors show that defensin was post-transcriptionally regulated and that the presence of 
the peptide in the hemolymph peaked at 24 h post-bacteria inoculation, well past the time that 
most bacteria were cleared from the hemolymph. These results suggest that immune 
responses in mosquitoes are multilayered, in that processes like phagocytosis and 
melanization are initiated rapidly upon microbe invasion, and act hand-in-hand with AMPs to 
clear the infection during the initial stages, and then are followed by AMP action in the 
hemolymph if the infection persists. Similar results were shown later in the beetle 
Tenebrio molitor (Haine et al., 2008). 
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Cecropins were the first immune peptides characterized from insects, specifically 
from the silkmoth Hyalophora cecropia (Steiner et al., 1981). They have since been 
described in several insects as well as mammals. In mosquitoes, cecropins have been 
described in Ae. aegypti (Lowenberger et al., 1999a), An. gambiae (Vizioli et al., 2000) and 
Cx. pipiens (Bartholomay et al., 2003). Cecropins are 4 kDa peptides, characterized by the 
presence of two alpha-helices linked by a short hinge. In Cx. pipiens, they exhibit 
constitutive transcription at low levels, and their production is induced in the fat body in 
mosquitoes inoculated with bacteria (Bartholomay et al., 2003). Gambicin has been reported 
from the mosquitoes An. gambiae and Cx. pipiens previously. This peptide is characterized 
by the presence of 8 cysteine residues that are involved in disulfide bonds. It demonstrated 
antimicrobial activity against Gram-positive as well as Gram-negative bacteria and was also 
effective against fungi and Plasmodium (Vizioli et al., 2001). In Cx. pipiens, gambicin was 
found to be up-regulated upon bacterial inoculation, with transcription peaking at 24 h post 
exposure (Bartholomay et al., 2003).  
Other than AMPs, several soluble factors are present in the hemolymph of the 
mosquito to combat infection. These include thioester-containing proteins (TEPs) – which act 
as opsonins and immunoglobulin-like molecules that assist in phagocytosis and are discussed 
below along with the phagocytosis.  
1.2.2 CELLULAR IMMUNE RESPONSES 
Hemocytes or blood cells of insects are responsible for the cellular immune 
responses. The characterization of the hemocytes and the hematopoietic events in insects, and 
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specifically in mosquitoes is described below. This is followed by a description of various 
effector mechanisms that hemocytes use to counteract the various pathogens they encounter. 
HEMOCYTES AND HEMATOPOIESIS: 
Hemocytes or blood cells are suspended in the blood plasma of mosquitoes. Unlike 
vertebrate blood cells, they do not carry oxygen to the tissues. Rather, they are involved in 
the production of a wide array of proteins released in hemolymph that get deposited in the 
cuticle of the insect as well as the basal lamina (Chapman, 1998). They also produce 
hydrocarbons and hormones which can be transported to the target organs via hemolymph 
(Chapman, 1998). Characterization of hemocytes in insects has progressed tremendously in 
the last decade and has been done mainly with the help of various microscopic techniques by 
using morphological, functional and antigenic properties. Previous reviews describe insect 
hemocytes, their role and hematopoiesis in Drosophila (Krzemien et al., 2010), Lepidoptera 
(Lavine et al., 2002) and mosquitoes (Strand, 2008). That said, description and nomenclature 
of hemocytes in insects is ambiguous and varies with the species and taxa under 
investigation. 
Hemocytes have been well-studied in Lepidoptera larvae, because they contain a 
large volume of hemolymph and a huge number of hemocytes which makes them a 
convenient system in which to study these cells. The hemocyte types described in 
Lepidoptera include prohemocytes, plasmatocytes, granulocytes, oenocytoids and spherule 
cells (Strand, 2008). Granulocytes and plasmatocytes are the cell types that are adhesive in 
nature. Granulocytes are the most abundant cell type in the hemolymph of larvae, are 
phagocytic in nature and can be characterized based on the presence of enzymatic granules in 
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their cytoplasm and their ability to spread symmetrically in primary cultures (Lavine et al., 
2002). Plasmatocytes on the other hand spread asymmetrically and function mainly in 
capsule formation (Strand et al., 2006). Spherule cells provide cuticular components and 
oenocytoids contain the phenoloxidase (PO) cascade components (Lavine et al., 2002). 
Prohemocytes are smaller in size and contribute to <1% of the total hemocytes and are 
present in the hematopoietic organs in several lepidopteran larvae (Lavine et al., 2002, Strand 
et al., 2006). 
Hemocytes have also been studied in great detail in Drosophila. The hemocyte types 
present in Drosophila larvae are categorized as plasmatocytes, crystal cells, lamellocytes and 
prohemocytes. Plasmatocytes are the most abundant cells in the hemolymph of fly larvae and 
are adhesive and phagocytic in nature (Krzemien et al., 2010). Crystal cells are rounded, non-
adhesive cells that are important in the production of the PO cascade components (Nappi et 
al., 2009). Lamellocytes are large, adhesive cells that function in the encapsulation process of 
parasitoids in Drosophila larvae (Nappi et al., 2009). Prohemocytes are the precursor cells to 
all these cell types, mostly resident in the hematopoietic organ and are rarely detected in 
hemolymph. The functions of Drosophila hemocytes have been reviewed previously 
(Krzemien et al., 2010).  
Hemocytes in mosquitoes are characterized mainly as granulocytes, oenocytoids, and 
prohemocytes (Castillo et al., 2006, Hillyer et al., 2002). It has been shown that the total 
number of hemocytes remain constant in Ae. aegypti and An. gambiae during the larval and 
pupal stages and there is no difference between the total number of hemocytes in adult males 
and females (Castillo et al., 2006). Granulocytes are the most abundant hemocyte type in 
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Ae. aegypti and An. gambiae mosquitoes, comprising ~90% of total hemocytes (Castillo et 
al., 2006, Hillyer et al., 2002, Hillyer et al., 2003b). In Culex quinquefaciatus they comprise 
~40% of total hemocytes (Brayner et al., 2005). These cells are phagocytic in nature, ~10 µm 
in diameter and adhere to glass surfaces in star-like or elongated fashion (Hillyer et al., 2002, 
Castillo et al., 2006). The chief characteristic of granulocytes is the presence of enzymatic 
granules that bind to lectins (Hillyer et al., 2002).  Granulocytes also show prophenoloxidase 
activity post-immune challenge (Castillo et al., 2006). Oenocytoids are involved in the 
production of enzymes involved in melanization process such as PO (Castillo et al., 2006, 
Hillyer et al., 2002). Adipohemocytes have also been described in Ae. aegypti and 
Cx. quinquefaciatus (Hillyer et al., 2002, Brayner et al., 2005). However, the presence of 
adipohemocytes in the perfusate is believed to be an artifact of the hemolymph collection 
process (Hillyer et al., 2002). Thrombocytoids have been characterized in Ae. aegypti, are 
non-adhesive to glass and few in number (Hillyer et al., 2002). Plasmatocytes have been 
described in Cx. quinquefaciatus, are adhesive, can be granular or agranular and comprise 
about 43% of total hemocytes (Brayner et al., 2005). Prohemocytes have also been reported 
in Ae. aegypti and An. gambiae. They are small, circular cells with a large nucleus to 
cytoplasmic ratio, an undifferentiated cytoplasm and are believed to be granulocyte 
precursors (Castillo et al., 2006). Oenocytoids and prohemocytes comprise <10% of total 
hemocytes in Ae. aegypti and An. gambiae (Castillo et al., 2006, Hillyer et al., 2002).  
In most insects hematopoiesis occurs first during embryonic stages and later through 
larval development. The hematopoietic organs persist in adults in Orthoptera, but not in 
holometabolous insects that belong to Lepidoptera, Diptera and Coleoptera (Chapman, 
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1998). Mosquito hemocytes are produced in the embryonic and larval stages whereas the 
adults lack a hematopoietic organ. The process of hematopoiesis is reviewed elsewhere 
(Krzemien et al., 2010) and is briefly described here. In Drosophila, the hematopoietic 
organs are called lymph glands. Signaling from the receptor tyrosine kinase Pvr and Dome – 
a receptor for Janus kinase/Signal transducers and activators of transcription (JAK/STAT) 
pathway, are required for differentiation of cells called pre-prohemocytes into prohemocytes. 
For the proliferation of prohemocytes, JAK/STAT as well as Toll signaling is required. For 
differentiation of prohemocytes into plasmatocytes, crystal cells, or lamellocytes, the 
expression of Dome needs to be down-regulated. The activation of JNK signaling is also 
implicated in lamellocyte differentiation. The release of hemocytes from the lymph glands 
occurs primarily in third instar, and the lymph glands then degenerate during metamorphosis 
(see Strand, 2008). Maintenance of hemocyte populations in circulation is mainly achieved 
by proliferation of cells as shown by BrdU labeling studies (see Nappi et al., 2009, Strand, 
2008). In mosquitoes, the number of hemocytes in circulation rapidly increases after 
wounding or stress, possibly attributed to the recruitment of hemocytes adherent to internal 
tissues (Lai et al., 2002). It is generally observed that smaller insects have fewer hemocytes 
than larger insects (Chapman, 1998). In mosquitoes, adult An. gambiae females possess 
about 1,500 hemocytes, whereas adult Ae. aegypti females have about 1,000 hemocytes 
(Castillo et al., 2006, Hillyer et al., 2002). There are no studies indicating that mosquito 
hemocytes proliferate in circulation. In fact, as adult females age, their total hemocyte count 
decreases (Hillyer et al., 2005b). Hemocyte counts transiently increase post blood meal but 
later subside to normal levels in Ae. aegypti and An. gambiae (Castillo et al., 2006). 
Apparently, adult mosquitoes have to survive their lifetime with the number of hemocytes 
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they possess at the time of eclosion. In An. gambiae, the dorsal vessel or heart contracts in a 
bidirectional manner, in anterograde direction (towards the anterior end) 72% of the time and 
in retrograde direction (towards the posterior end of the abdomen) 28% of the time (Glenn et 
al., 2010). These contractions aided by the abdomen of the mosquito, propel the hemolymph, 
along with circulating hemocytes, in the abdominal hemocoel (Andereck et al., 2010). 
HEMOCYTE EFFECTOR RESPONSES:  
The main effector responses mediated by hemocytes in insects include phagocytosis, 
encapsulation and clotting (Klowden, 2002). The kind of effector immune response used by 
the particular insect depends on the pathogen it encounters.  
Clotting: 
Clotting or coagulation of the hemolymph in insects is triggered at the sites of 
wounding in exoskeleton to prevent excess hemolymph loss. In D. melanogaster and 
Galleria mellonella, granulocytes and plasmatocytes form a soft clot at the site of injury 
(Strand, 2008, Bidla et al., 2005). This soft clot is then hardened and melanized by cross-
linking proteins, the main player being PPO which gets cleaved into PO, the enzyme 
responsible for melanin production (Eleftherianos et al., 2011). A similar phenomenon is 
observed in mosquito larvae. In Armigeres subalbatus, for example, upon wounding, 
granulocytes accumulate to form a clot and PPO is released from lysed hemocytes, possibly 
oenocytoids, followed by melanin accumulation (Lai et al., 2002). 
Encapsulation and melanization: 
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Large invaders such as parasitoids and nematode worms induce the encapsulation or 
melanization response in insects, where they are encapsulated or surrounded by large number 
of hemocytes to form a capsule that limits their motility and access to nutrition (Klowden, 
2002). In dipteran insects such as Drosophila and mosquitoes, the process of melanization in 
response to a pathogen invasion is humoral in nature, i.e. enzymes involved such as PPO are 
released by the hemocytes into the hemolymph and melanin is deposited around the pathogen 
(Nappi et al., 2009, Beerntsen et al., 2000). The process of encapsulation has been studied in 
great detail in Drosophila larvae infected with parasitoids. It is observed that hemocytes, 
particularly lamellocytes and plasmatocytes are recruited to form capsules around the 
parasitoid in the flies. Melanin pigment is released and deposited on the parasitoid eggs just 
as the hemocytes begin to adhere to it to form a capsule around the surface (Nappi et al., 
2009). Plasmatocytes are the hemocyte type involved in the initial recognition process, and in 
turn they recruit lamellocytes to form the capsule. Crystal cells supply the enzymes necessary 
to produce melanin pigments and the production of reactive oxygen (ROIs) and nitrogen 
intermediates (RNIs) in this process is responsible for killing the parasitoids (see Nappi et al., 
2009).  
In mosquitoes, melanin accumulates around target microbes and parasites in the form 
of melanotic capsules. Melanization is the primary form of immune response in mosquitoes 
infected with parasitic nematodes as well as some Plasmodium species and, in some cases, 
against bacteria (Beerntsen et al., 2000, Aliota et al., 2011, Hillyer et al., 2005a, Schnitger et 
al., 2007). The genes for the rate-limiting enzymes in the melanization process - PPO and PO 
have been identified and characterized in different mosquito species including Ae. aegypti, 
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An. gambiae and Armigeres subalbatus (see Beerntsen et al., 2000). Oenocytoids and 
occasionally granulocytes are involved in the production of these enzymes (Hillyer et al., 
2003a, Castillo et al., 2006). Additionally, an array of serine proteases and their inhibitors - 
serpins  - have also been identified, which together regulate the activation of the melanization 
response in mosquitoes (Michel et al., 2005, Michel et al., 2006, Zou et al., 2010, An et al., 
2010). This interaction of serine proteases with their inhibitor serpins can be specific; for 
example, serpin 2 has been shown to inhibit the serine protease CLIPB9 in An. gambiae (An 
et al., 2010). In Ae. aegypti, at least two regulatory mechanisms have been suggested for 
melanization: the serpin-1 – tissue melanization protease - immune melanization protease 
(IMP)-1 component for tissue melanization or wound healing, and serpin-1 – IMP-1 – IMP-2 
component for activation of PPO and immune response (Zou et al., 2010). These studies 
show that at the molecular and biochemical level, the process of melanization is highly 
complex.  
Phagocytosis: 
Phagocytosis is an evolutionarily conserved response in which cells internalize 
foreign particles, including invading microbes which get destroyed within cellular 
compartments called lysosomes. In unicellular protozoans like Dictyostelium, this process is 
necessary for engulfment of food particles as well as removal of apoptotic cells and tissue 
remodeling (see Cosson et al., 2008). In vertebrates and invertebrates, phagocytosis is 
required as an innate immune machinery to engulf and destroy foreign entities. In 
vertebrates, phagocytosis is the one of the primary responses that elicits the adaptive immune 
response. In insects, hemocytes are involved in phagocytosis of a variety of invaders 
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including bacteria, yeast, fungi and protozoans as well as removal of cell debris and apoptotic 
cells during embryonic development and adult stages (Stuart et al., 2008, Strand, 2008).  
In Drosophila and mosquitoes, the process of phagocytosis begins not in the 
hemocytes, but in the hemolymph where a variety of PRRs bind to pathogen associated 
molecular patterns (PAMPs) presented by the invading microbes. The known PAMPs are 
lipopolysaccharides (LPSs), peptidoglycans and glucans. PRRs are generally peptides that 
are soluble in the hemolymph and include molecules, such as GNBPs, PGRPs – PGRP-SA 
and PGRP-SD, Down’s syndrome cell adhesion molecule (Dscam) and complement-like 
thioester containing proteins (TEPs) (Strand, 2008, Irving et al., 2005, Levashina et al., 2001, 
Moita et al., 2005, Dong et al., 2006). Some soluble factors in the hemolymph also act as 
opsonins, namely leucine-rich repeat protein (LRIM1) and TEP1 (Levashina et al., 2001, 
Moita et al., 2005, Blandin et al., 2007).  
Thioester containing proteins or TEPs are similar to vertebrate complement factors. In 
An. gambiae, TEP1 is produced by hemocytes, secreted into hemolymph and has a constant 
turnover rate. TEP1 is cleaved in the presence of microbes and the cleaved C-terminal 
fragment binds to the surface of Gram-negative as well as Gram-positive bacteria. This 
binding of TEP1 to bacteria promotes their phagocytosis by cells in culture and hemocytes in 
vivo, indicating its role as an opsonin (Levashina et al., 2001). This function is similar to the 
complement factors in vertebrate systems, as is suggested by the structural similarities 
between TEP1 and the complement factor C3 (Baxter et al., 2007).  
Dscam belongs to the immunoglobulin (Ig) gene superfamily and plays a role in 
neuronal development via axonal guidance in D. melanogaster. This gene shows more than 
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38,000 potential splice variants that it produces via alternative splicing of 95 variable exons 
(Schmucker et al., 2000). Dscam was first shown to be involved in immunity in 
D. melanogaster where the insect produced more than 18,000 different extracellular domains 
of Dscam, as well as soluble forms of the protein that were released into the hemolymph 
(Watson et al., 2005). These proteins were shown to bind to E. coli and act as both an 
opsonin as well as a receptor for phagocytosis, as demonstrated by their presence in the 
phagosome proteome in Drosophila (Stuart et al., 2008). In An. gambiae, Dscam (AgDscam) 
has been identified as a hypervariable PRR (Dong et al., 2006).  AgDscam was shown to 
possess more than 31,000 potential splice-forms that it produces from about 100 exons. 
Interestingly, in the mosquito, AgDscam shows pathogen-specific splice-form production 
and protein secretion, contributing to immune response to bacteria as well as Plasmodium 
parasites in the mosquito (Dong et al., 2006). The similarity of Dscam with vertebrate Igs in 
function is evidence of convergent evolution in the immune systems of these organisms 
(Stuart et al., 2008).  
After the pathogen is recognized by the PRRs in the hemolymph and in some cases 
opsonized by peptides like TEP1, it is taken up by the phagocytic cells in the hemocoel. The 
mechanisms of pathogen uptake in invertebrates remain elusive, because there is no Fc 
receptor based uptake of antibody bound pathogens as is the case in mammalian 
macrophages. In Drosophila, pathogen uptake is regulated by the presence of the coatamer 
protein complex and exocysts (see Stuart et al., 2008). The coatamer complex consists of 
clathrin, coat-protein complex I (COPI) and COPII that maintain the curvature of the 
phagocytic cup on the cell membrane (Antonny, 2006, Gurkan et al., 2006). Clathrin is likely 
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involved in the stabilization of the budding membrane due to its property of forming lattice 
structures. Clathrin is also implicated in phagocytosis of certain bacteria such as 
Listeria monocytogenes and Yersinia psudotuberculosis in non-phagocytic cells as well as 
Rickettsiae in mammalian epithelial cells (Veiga et al., 2006). COPI and COPII are present in 
the phagosome of D. melanogaster and are involved in pathogen uptake in insects (Stuart et 
al., 2008). The exocyst is a protein complex that is required to tether endosomes to 
phagocytic cup or lysosomes to the maturing phagosome (Stuart et al., 2008).  
Pathogen uptake from the membrane surface via processes described above is then 
followed by the activation of signaling cascades that regulate the formation of a phagosome 
via an actin polymerization dependent mechanism. The integrin associated signaling 
pathways, specifically the JNK pathway, have been shown to be involved in the phagocytosis 
process by mediating vesicular trafficking (Huang et al., 2009). Phagosome maturation 
events include vesicle fusion and result in phagolysosome formation. The maturation events 
lead to a decrease in the pH in the phagolysosome, activating the various enzymes and 
peptides that aid in the digestion of the ingested microbe. These include lipases, cathepsins 
and lysozyme (Desjardins, 2003). In D. melanogaster, hemocyte-expressed lysosomal 
protein, Psidin, is involved in generating bacterial degradation products that are then 
exocytosed from the cell and induce systemic immune activation and AMP production 
(Brennan et al., 2007). Mammalian phagocytic cells produce an array of ROIs and RNIs to 
kill ingested pathogens in the lysosomes. In insects, ROIs and RNIs are generated during the 
melanization and encapsulation process as described above. Also, in An. stephensi females 
infected with Plasmodium, RNIs are generated in the midgut by the activation of the nitric 
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oxide synthase (NOS) enzyme (Akman-Anderson et al., 2007, Peterson et al., 2007). ROIs 
and RNIs have also been shown to be produced in Ae. aegypti and Anopheles albimanus 
midguts when fed with DENV-infected blood (Ramos-Castaneda et al., 2008). Recently, 
hemocytes and fat body of the mosquito An. gambiae demonstrated up-regulation of NOS 
expression during systemic infection with the bacteria E. coli (Hillyer et al., 2010). Nitric 
oxide production in these mosquitoes was detected in the granulocyte subpopulation of 
hemocytes and was shown to be essential in survival of mosquitoes infected with bacteria. 
This shows the conserved role of reactive intermediates in the killing microbes during the 
phagocytosis process.  
1.2.3 ANTI-VIRAL RESPONSES 
As obligate, intracellular pathogens, viruses have a different biology from larger 
pathogens, and counteracting virus infections demands different strategies. Production of 
interferons via the Toll signaling pathway helps in fighting virus infections in vertebrates. In 
insects, however, interferons are not produced. In mosquito-arbovirus interactions, RNA 
interference (RNAi), immune signaling pathways and apoptotic cell death are attributed as 
the key anti-viral responses (see Fragkoudis et al., 2009). As mentioned before, arbovirus 
transmission in mosquitoes requires the virus to cross several barriers to infection within the 
vector, including the MIB, MEB, SIB and SEB; that determine the extrinsic incubation 
period of the virus (Black et al., 2002). Anti-viral responses likely play a key role in 
establishing one or more of these barriers to arbovirus infection.  
The RNAi pathway in mosquitoes has been described previously, and component 
proteins are Drosophila orthologs. Dcr-2 (dicer-2), R2D2 and Ago-2 (argonaute) orthologs 
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were found in the mosquitoes An. gambiae, Cx. pipiens and Ae. aegypti (Campbell et al., 
2008a). Knockdown of these genes in mosquitoes using double stranded RNA has revealed 
their role in anti-viral responses. In An. gambiae, RNAi was shown to be the natural anti-
viral response to the alphavirus O’nyong-nyong virus (Keene et al., 2004). In Ae. aegypti, 
Sindbis virus (SINV) infection induced an RNAi response (Campbell et al., 2008b). In 
another study, the RNAi pathway was shown to be important in Ae. aegypti – DENV 
interactions (Sanchez-Vargas et al., 2009). In D. melanogaster, WNV infection induces the 
RNAi pathway as a defense mechanism (Chotkowski et al., 2008). When Ae. aegypti were 
infected with a SINV engineered to produce RNAi inhibiting protein B2, virus amplification 
in mosquitoes was observed to increase as compared to controls (Cirimotich et al., 2009). 
Furthermore, virus derived RNAs (vi-RNAs) were identified in SINV-infected mosquitoes, 
further supporting the employment of RNAi pathway to combat virus infections (Myles et 
al., 2008). Additionally, the PIWI pathway sRNAs (piRNAs) and unusually small RNAs 
(usRNAs) were produced in DENV-infected Ae. aegypti mosquitoes (Hess et al., 2011). 
These studies show the capacity of the vector species to induce the RNAi pathway against 
alphaviruses as well as flaviviruses. Intriguingly, the Ae. albopictus C6/36 cell line has a 
dysfunctional RNAi pathway, but not the Ae. aegypti Aag2 cell line (Brackney et al., 2010, 
Scott et al., 2010). We do not know however, if this is true in vivo. 
Transcription of genes involved in the immune signaling pathways have been shown 
recently to be up-regulated in virus-infected mosquitoes; the chief among them being the 
genes belonging to the Toll, Imd and JAK/STAT pathways. In D. melanogaster, the Toll 
pathway plays a role in controlling infection with Drosophila X virus (Zambon et al., 2005). 
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The Toll pathway genes are up-regulated during DENV infections in the mosquito 
Ae. aegypti (Xi et al., 2008). In SINV-infected Ae. aegypti mosquitoes, genes belonging to 
the Toll pathway are up-regulated in the midgut early during infection and those in the 
Imd/JNK pathway are activated during later stages (Sanders et al., 2005). The JAK/STAT 
pathway has been shown to be important to confer resistance to D. melanogaster infected 
with RNA viruses (Dostert et al., 2005). In mosquitoes, JAK/STAT pathway-related genes 
show transcriptional up-regulation upon DENV infection of Ae. aegypti (Souza-Neto et al., 
2009). The mechanism of activation for these pathways during virus infection in the 
mosquito are yet unknown.  
Programmed cell death or apoptosis induced by arboviruses is also a mechanism by 
which the vector might control virus replication and dissemination. The enzymes and key 
players involved in apoptosis are found to be transcriptionally regulated during virus 
infection in mosquitoes (see Bartholomay et al., 2010). In DENV-infected Ae. aegypti 
mosquitoes, apoptosis genes were shown to be regulated transcriptionally (Xi et al., 2008). In 
WNV-infected Culex mosquitoes, apoptotic cell death was observed in the salivary glands  
(Girard et al., 2005). This was later confirmed when the WNV-infected Culex salivary gland 
transcriptome showed decrease in transcript levels of the inhibitor of apoptosis (Girard et al., 
2010). SINV infection in mosquito cells did not suppress apoptosis, and apoptosis was found 
to be ineffective in reducing virus amplification (Wang et al., 2008).  
1.3 SUMMARY 
The battle of survival between the pathogen and the vector determines the capacity of 
the vector to transmit the disease agent. The outcome of the vector-pathogen interactions in 
25 
 
  
nature depends largely on the genetics and physiology of both the vector and the pathogen in 
question. Innate immune responses in mosquito-pathogen interactions are important 
determinants of vector competence. These include both humoral and cellular immune 
components which work in tandem to reduce the pathogen load in the mosquito.  
Although humoral responses in mosquitoes are studied in great detail, the cellular 
component of immunity remains under-explored. This is not surprising as an adult mosquito 
lacks a hematopoietic organ and has fewer than 1,500 hemocytes, most of which adhere to 
internal organs (Hillyer et al., 2002, Castillo et al., 2006). Mosquito hemocytes efficiently 
phagocytose bacteria, fungi and latex beads. Phagocytosis is the primary immune response in 
mosquitoes and insects in general, followed by the AMP activity that kills persistent 
microbes over time (Haine et al., 2008). Signaling molecules and opsonins such as Spz and 
TEPs, that aid in the process of phagocytosis, are well characterized in mosquitoes. However, 
the pathways involved in phagocytosis for pathogen uptake, and proteins involved in 
bacterial degradation within the hemocytes, remain to be investigated in a greater detail.  
In case of mosquito-arbovirus interactions, the mechanisms of anti-viral immunity 
such as RNAi and apoptosis as described above can, in theory, take place in any cell that is 
infected with a virus. But, during the dissemination of the virus from the midgut to other 
organs, the virus must travel through the hemocoel. Although it is believed generally that 
during this dissemination period virions exist in a free state within the hemolymph (Higgs, 
2004), it also has been speculated that hemocytes must play some role in vector-virus 
interactions as they are the main immune cells and circulate in the hemolymph (Strand, 
2008). Additionally, entry into a cell is the first road-block that a virus must overcome in 
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order to propagate. Although some research has been done to identify receptors that bind to 
arboviruses in mosquito midgut (see Hurrelbrink et al., 2001, Klimstra et al., 2003), very 
little has been done to study the downstream entry mechanisms that a virus uses, as compared 
to virus entry in mammalian cells (see Sieczkarski et al., 2002).  
1.4 DISSERTATION: OBJECTIVES AND ORGANIZATION 
In view of the arguments presented above, it is evident that hemocyte physiology is 
crucial in guarding the mosquitoes from a variety of infections, and in fact, is an important 
determinant of vector competence. To this end, the major goal of this program of study was 
to investigate the mechanisms of hemocyte-mediated cellular immunity as a function of 
vector competence in mosquitoes in context of the following two objectives: (1) to 
understand the physiology of hemocyte-arbovirus interactions and (2) to understand the 
mechanisms of pathogen uptake and degradation in phagocytosis by hemocytes. To achieve 
the first objective, it was first and foremost necessary to investigate whether mosquito 
hemocytes get infected with an arbovirus. For this, mosquitoes were exposed to the prototype 
alphavirus, SINV, via intrathoracic injections as well as per os infections and infection status 
of the hemocytes was observed. Additionally, a mosquito hemocyte-like cell line was used to 
investigate SINV entry mechanisms using pharmacologic inhibitors. To achieve the second 
objective, the process of pathogen uptake during phagocytosis was investigated using a 
hemocyte-like cell line exposed to latex beads in the presence of pharmacological inhibitors 
of endocytosis process along with cytoskeletal network polymerization and signaling 
cascades. Furthermore, a novel transcript for a protein we termed Kill me now protein 
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(KMNP) was characterized, and its physiological role in phagocytosis was examined by 
using RNAi mediated gene silencing tools. 
This dissertation is therefore arranged as follows: Chapter 2 describes the hemocyte 
tropism of the alphavirus SINV in four different species of mosquito, using intrathoracic 
injections of two different strains of the virus.  Chapter 3 describes the hemocyte tropism in 
the mosquito Ae. aegypti when the mosquitoes were infected with SINV via per os route.  
Chapter 4 explains the experiments done to delineate the pathways of alphavirus entry into, 
and latex bead phagocytosis by, Aedes albopictus hemocyte-like cells in vitro. It also 
describes the effect of inhibiting an endocytosis pathway on SINV infection in the mosquito 
Ae. aegypti. Chapter 5 describes a novel protein KMNP, and its role in hemocyte physiology, 
specifically in the process of phagocytosis of bacteria in the mosquito Ae. aegypti. Finally, 
Chapter 6 explains some of the overall conclusions from this work. 
The contributions from the authors in the papers presented in this dissertation are as 
follows: Chapter 2: experiments were conceived by GRP and LCB, performed by GRP and 
JDO, manuscript written by GRP and edited by JDO and LCB. Chapter 3: experiments were 
conceived by GRP and LCB, performed by GRP, manuscript written by GRP and edited by 
LCB. Chapter 4: experiments were conceived by GRP and LCB, performed by GRP, 
manuscript written by GRP and edited by BJB and LCB. Reagents and other supplies 
provided by BJB. Chapter 5: experiments conceived and designed by GRP and LCB and 
performed by GRP; manuscript written by GRP and edited by LCB. 
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CHAPTER 2 
A HEMOCYTE TROPISM FOR AN ARBOVIRUS 
A paper published in Journal of General Virology (2009) 
 
Grishma R. Parikh, Jonathan D. Oliver, Lyric C. Bartholomay 
 
SUMMARY 
Horizontally transmitted mosquito-borne viruses enter the midgut with a blood meal 
then disseminate to infect the salivary glands.  En route to the salivary glands, these viruses 
encounter the plasma (hemolymph) and blood cells (hemocytes).  Hemocytes respond to a 
variety of microorganisms, but their role in virus replication and dissemination has not been 
described.  To look for a potential hemocyte tropism for an arbovirus, a Sindbis virus was 
injected intrathoracically into four species of mosquito.  Virus infects hemocytes as early as 6 
hours post injection (h.p.i.) and infection was evident in these cells for as long as 4 days p.i.  
More than 90% of hemocytes were infected, most often the phagocytic granulocytes. Virus 
titers in the hemolymph increased from 24 h.p.i. through 60 h.p.i. Similar results were found 
when Ae. aegypti mosquitoes were injected with orally infectious Sindbis. These data prove 
that an arbovirus infects, and replicates in, hemocytes.  
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2.1 INTRODUCTION, RESULTS AND DISCUSSION 
Mosquito-borne arboviruses initiate infection in the midgut of the mosquito following 
ingestion of a viremic blood meal. As the infection progresses, the virus replicates and 
disseminates from the midgut then invades and replicates in the salivary glands. There is 
little information regarding dissemination of virus from the midgut to the salivary glands. It 
is postulated that the virus requires 1) a means to amplify after its escape from midgut 
epithelial cells, so that it can infect the salivary glands efficiently (Girard et al., 2004; Hardy 
et al., 1983), and 2) a vehicle to ensure dissemination from the midgut to the salivary glands 
(Romoser et al., 2004). 
In lepidopteran larvae infected with baculoviruses, virus entry into midgut epithelial 
cells is followed by infection of the tracheoles, the oxygen transporting tissue in insects. In 
several lepidopteran species, insect blood cells, called hemocytes, facilitate amplification of 
baculoviruses as well as virus dissemination from tracheoles to secondary organs (Engelhard 
et al., 1994; Keddie et al., 1989). Resistance to baculovirus infection in some species is 
attributed to hemocytes avoiding infection, and also exhibiting apoptosis-like behavior 
(Clarke & Clem, 2002; Feng et al., 2007; Trudeau et al., 2001). 
In the context of mosquito-borne viruses, the route of virus dissemination is not well 
understood. Work with vector-virus systems including Aedes albopictus - Sindbis virus 
(SINV), Ae. aegypti – Dengue virus (DENV), Ochlerotatus taeniorhynchus – Venezuelan 
equine encephalitis virus and Culex pipiens pipiens – Rift Valley fever virus indicates the 
presence of viral antigen in tracheoles, which might shuttle the virus across the midgut 
basement membrane to initiate dissemination (Bowers et al., 2003; Romoser et al., 2004; 
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Salazar et al., 2007). Midgut muscle tissue also is proposed as a means of amplification and 
dissemination for West Nile virus (WNV) (Girard et al., 2004). 
Whether via the tracheoles or muscle tissue, mosquito-borne arboviruses inevitably 
encounter the hemocoel environment and hemocytes en route to the salivary glands. In 
response to pathogens, mosquito hemocytes phagocytose bacteria, yeast and Plasmodium 
parasites; mediate melanization of some nematode parasites, yeast and bacteria; and are 
involved in cell signaling events for the production of antimicrobial peptides together with 
the fat body (Bartholomay et al., 2004; Hernandez-Martinez et al., 2002; Hillyer et al., 
2003a; b; 2004; Infanger et al., 2004; Lowenberger, 2001).  The role of mosquito hemocytes 
in arbovirus replication, dissemination and anti-viral responses is unknown. Infection of 
mosquito hemocytes with an arbovirus has been noted, but not characterized to date (Foy et 
al., 2004; Salazar et al., 2007; Sriurairatna & Bhamarapravati, 1977), which is not surprising, 
because these cells are few and difficult to collect (Castillo et al., 2006; Hillyer & 
Christensen, 2002). 
Because hemocytes are critical to the outcome of baculovirus infections in 
lepidopteran larvae, and mosquito-borne arboviruses must traverse the hemocoel to get to the 
salivary glands, and hemocytes in the hemocoel respond to a variety of pathogens, we 
hypothesized that hemocytes respond to virus present in mosquito hemolymph. In order to 
explore the potential role of hemocytes in the amplification and dissemination, or mitigation, 
of arbovirus infection, we observed hemocytes after infecting mosquitoes with SINV 
(Togaviridae: Alphavirus) transducing viruses designed to drive production of Green 
Fluorescent Protein (GFP) (see Pierro et al., 2003).  
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   Mosquitoes were infected with SINV TE/5’2J/GFP or MRE16-eGFP via 
intrathoracic injection.  Intrathoracic injection is a standard procedure for delivering a 
consistent dose of virus to each experimental mosquito (see Bowers et al., 1995; Bowers et 
al., 2003). Also, for comparative purposes, intrathoracic injection was the only method by 
which mosquitoes could be infected with both TE/5’2J/GFP and MRE16-eGFP because 
TE/5’2J/GFP is not infectious per os (Foy et al., 2004; Pierro et al., 2003).   However, it 
should be noted that needle injection elicits a rapid cellular and humoral immune response in 
mosquitoes (Lai et al., 2001) and is not a natural route of arbovirus infection.  Both 
TE5’2J/GFP and MRE16-eGFP were produced using standard techniques (see Olson et al., 
2000) and a volume of 0.5 μl of 1x108 PFU/ml was injected per mosquito in all experiments. 
Hemolymph was collected by perfusion onto microscope slides.  
Initial experiments were done with Aedes aegypti (Liverpool strain), a primary vector 
of Yellow fever and DENV viruses.  Hemocyte infection was observed in three separate 
experiments at 6, 12, 18, 24, 36, 48, 60, 72, 84 and 96 hours post injection (h.p.i) using 
fluorescence and phase microscopy.  Hemocytes from TE/5’2J/GFP infected mosquitoes 
exhibit GFP expression as early as 6 h.p.i. and for 4 days p.i (Fig. 2.1). Although oenocytoids 
sometimes appear infected, granulocytes are the hemocyte type most often infected with 
virus. Granulocytes are the most abundant circulating hemocyte type; these phagocytic cells 
attach to glass surfaces and are easily distinguished by pseudopodia (Castillo et al., 2006; 
Hillyer & Christensen, 2002). At 48 h.p.i. and at every time point thereafter, virus infected 
cells exhibit bulbous extensions of the cytoplasm and plasma membrane. At 84 h.p.i., the 
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intensity of GFP fluorescence and number of infected granulocytes begins to decline. This 
does not appear to be a result of cell death, because total hemocyte numbers do not decrease.  
Using one cohort of mosquitoes, infected hemocytes were observed and counted 
based on the presence or absence of GFP fluorescence. The proportion of infected cells 
throughout the time course is as follows: 45% (6 h.p.i), 88% (12 h.p.i.), 96% (18 h.p.i.), 
100% (24 h.p.i.), 89% (36 h.p.i.), 87% (48 h.p.i.), 83% (60 h.p.i.), 86% (72 h.p.i.), 75% (84 
h.p.i.) and 70% (96 h.p.i.). 
In keeping with previous reports on TE/5’2J/GFP where virus was first observed 3 
days p.i. (Pierro et al., 2003; Pierro et al., 2007), virus is first observed in head squashes at 
60 h.p.i. in 87.5% (7/8) of Ae. aegypti.  At all later time points (72, 84 and 96 h.p.i.), 100% 
(10/10, 6/6 and 7/7 mosquitoes respectively) of head tissues are virus infected.  
GFP expression and accumulation is a valid measure of SINV-GFP replication (Foy 
et al., 2004; Olson et al., 2000; Pierro et al., 2003).  However, to further confirm that virus 
replication takes place in hemocytes, the titer of TE/5’2J/GFP in Ae. aegypti hemolymph was 
calculated using an end-point dilution assay at different time points post injection, and 
expressed as a tissue culture infectious dose 50% (TCID50) (Fig. 2.2).  Hemolymph from 
saline-injected mosquitoes was used as a negative control and did not cause cytopathic 
effects.  Virus titers from mosquito hemolymph are lowest at 6 h.p.i., and increase over time.  
Titers from hemolymph collected at 24, 36, 48 and 60 h.p.i. are significantly higher than 
those at earlier (6, 12, and 18 h.p.i.) or later (72, 84, and 96 h.p.i) time points.  The highest 
titer log TCID50/ml (9.77± 0.52) is observed at 48 h.p.i. in the hemolymph of infected 
mosquitoes.  
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The increase in virus titer observed in hemolymph samples likely is solely attributed 
to virus replication in hemocytes because 1) the tissue tropisms for this virus are limited 
(Pierro et al., 2007), 2) infection is not evident during the observation period in the midgut, 
Malphigian tubules and ovaries in this (data not shown) and a previous study (Olson et al., 
1996), and  3) virus amplification is not evident in head tissue until 60 h.p.i., 26 hours after a 
significant increase in hemolymph virus titer occurs. Furthermore, in two previous studies in 
which SINV was used to silence phenol oxidase (PO), PO suppression was evident for 15 
days p.i. (Shiao et al., 2001; Tamang et al., 2004). Because these viruses produce the gene of 
interest from a subgenomic promoter, antisense PO production necessitates virus replication; 
and because PO is a hemocyte-specific gene, virus replication had to occur in hemocytes. 
To investigate whether the observed phenomenon was species specific, hemocytes 
from additional species of mosquitoes (Ae. triseriatus, Ae. albopictus, and Culex pipiens) 
were observed after injection with TE/5’2J/GFP. Experiments were done with at least three 
different cohorts of mosquitoes. Hemocytes were checked for GFP expression at 24 and 48 
h.p.i., when the highest percentage of virus - infected hemocytes is observed in Ae. aegypti. 
In all three species, virus infected hemocytes are evident at 24 and 48 h.p.i. (Fig. 2.3 (A-L)). 
The proportion of hemocytes infected with the virus is as follows at 24 and 48 h.p.i.: 69% 
and 76% (Ae. triseriatus), 72% and 65% (Ae. albopictus), 53% and 65% (Cx. pipiens). As 
seen with Ae. aegypti, granulocytes exhibit the most GFP fluorescence in TE/5’2J/GFP-
infected Ae. triseriatus, Ae. albopictus, and Cx. pipiens.  
Cx. pipiens exhibit fewer fluorescent hemocytes, and GFP fluorescence intensity is 
less as compared to Aedes species granulocytes, but the proportion of infected hemocytes is 
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not significantly different according to Tukey-Kramer HSD analysis (data not shown). In 
another study of Culex – SINV tissue tropisms, midguts were almost completely resistant to 
oral infection (Foy et al., 2004).  
Infection of the head tissue of Ae. triseriatus, Ae. albopictus, and Cx. pipiens is 
detected at 48 h.p.i. in 88.8% (8/9) mosquitoes of all three species - earlier than was observed 
in the head tissue of infected Ae. aegypti. 
SINV MRE16-eGFP was injected into the hemocoel of Ae. aegypti mosquitoes to 
investigate whether hemocytes can be infected with a virus that has the full complement of 
genes required to infect and disseminate from the midgut (see Foy et al., 2004; Myles et al., 
2003). Hemocytes from Ae. aegypti injected with MRE16-eGFP exhibit fluorescence at 24, 
48, 72 and 96 h.p.i. (Fig. 2.3 (M-P)). The number of SINV MRE16-eGFP infected hemocytes 
does not change significantly over time during this period.  Granulocytes are the cell type 
most frequently infected with MRE16-eGFP.  
Infection of Ae. aegypti head tissue with the MRE16-eGFP virus was assayed in head 
squashes in three separate experiments.  Infection of head tissue was never observed at 24 
h.p.i. (0/12 mosquitoes tested).  At 48 h.p.i., 33% (5/15) and at 72 h.p.i., 87% (13/15) of 
mosquitoes had evidence of GFP expression in the head.  At 96 h.p.i., 100% (12/12) of 
mosquitoes tested had infected head tissue.  
Mosquito hemolymph is suspected to be critical for systemic arbovirus infection (see 
Foy et al., 2004); however, it is generally believed that virions exist in a free state within the 
hemolymph. The results presented here show that hemocytes in the hemolymph can be 
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infected with two different SINVs, in multiple species of mosquito.  Moreover, our results 
show that this arbovirus can exploit hemocytes as a site for replication, rather than just 
existing free in the hemolymph.  Because WNV takes 5-8 days to reach the salivary glands 
after dissemination from the midgut, Girard et al. speculated that some arboviruses may 
require an amplification site outside the midgut epithelium (2004).  Furthermore, Hardy et al. 
speculated that low concentrations of virus in a viremic blood meal would necessitate a 
secondary amplification site other than the midgut epithelium (1983).  Based on this work 
with SINV, it becomes clear that hemocytes can function in virus incubation and replication, 
so are a strong candidate site for arbovirus amplification en route to the salivary glands.  
These data, together with previous studies indicating the involvement of tracheae in 
disseminating arboviruses (Romoser et al., 2004; Salazar et al., 2007), support an emerging 
model for dissemination of arbovirus, similar to the current model for baculovirus 
dissemination in lepidopteran larvae, where the virus disseminates from the midgut to the 
tracheoles and then into hemocytes that are critical for the systemic infection (Engelhard et 
al., 1994; Keddie et al., 1989).  
Because hemocytes are critical in the mosquito innate immune response, they could 
also serve as a barrier to arbovirus infection and dissemination. Documented barriers to 
infection and dissemination in a mosquito host include the midgut infection barrier, midgut 
escape barrier, salivary gland infection barrier (SIB) and salivary gland escape barrier (see 
Black et al., 2002). Overcoming these barriers is critical for an arbovirus to successfully 
replicate and disseminate, and to be transmitted to the next vertebrate host.  Hardy and 
colleagues (1983) speculated that hemolymph could be an important determinant of the SIB 
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because virus titers in the hemolymph of Cx. tarsalis susceptible to Western equine 
encephalitis virus were significantly higher than in those of refractory females.  
This is the first study to demonstrate that mosquito hemocytes are a cell type in which 
arbovirus infection and replication occurs. Further studies of hemocyte infection post 
exposure to an arbovirus via bloodfeeding are necessary. However, the implications of these 
initial findings are significant because, depending on the vector-virus system, these cells 
could be a site of virus amplification, serve as a conduit for virus dissemination, or present a 
barrier to further dissemination.    
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Fig. 2.1. Ae. aegypti hemocytes become infected when adult female mosquitoes are injected 
with SINV TE/5’2J/GFP as evidenced by production of GFP. Hemocytes were observed at 
400X magnification using phase and fluorescence microscopy, shown left and right 
(respectively) in each pair of images. Granulocytes, characterized by the presence of 
pseudopodia are the hemocyte type that is most often infected with virus. Hemocytes 
observed at 6 (A, B), 12 (C, D), 18 (E, F), 24 (G, H), 36 (I, J), 48 (K, L), 60 (M, N), 72 (O, 
P), 84 (Q, R) and 96 (S, T) hours post injection (h.p.i.) are shown. Images are representative 
of results from three experiments. Scale bars = 10 μm.  
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Fig. 2.2. Replication of SINV TE/5’2J/GFP in infected Ae. aegypti was measured by TCID50 
using Vero-76 cells, at various time points post intrathoracic injection from approximately 8 
drops of dilute hemolymph. Each data point is an average value from 5 mosquitoes. Virus 
replication in the hemolymph is significantly higher at 24, 36, 48 and 60 h.p.i. as compared 
to earlier and later time points. Statistical significance was calculated using the Tukey-
Kramer HSD test, displayed as letters above the error bars. Values that are not represented by 
the same letter are significantly different. 
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Fig. 2.3. Hemocyte infection is evident in multiple mosquito vector species injected with 
SINV TE/5’2J/GFP (top), and in Ae. aegypti injected with SINV MRE16-eGFP (bottom). 
Hemocytes were observed using phase and fluorescence microscopy shown left and right 
(respectively) in each pair of images. SINV TE/5’2J/GFP infection of Ae. albopictus 
hemocytes was observed at 24 (A, B) and 48 h.p.i. (C, D); in Ae. triseriatus hemocytes at 24 
(E, F) and 48 h.p.i. (G, H); and in Cx. pipiens at 24 (I, J) and 48 h.p.i. (K, L). SINV 
MRE16-eGFP infection of Ae. aegypti hemocytes was observed at 24 (M), 48 (N), 72 (O) 
and 96 h.p.i. (P). Images I-M represent clusters of hemocytes, A-H and N, O and P are 
individual cells. Representative images from 3 experimental cohorts are shown. Scale bars = 
10 μm. 
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CHAPTER 3 
HEMOCYTE TROPISM FOR AN ORALLY INFECTIOUS 
ARBOVIRUS 
 
ABSTRACT 
 Mosquito-borne viruses are a major global public health concern. Horizontally 
transmitted arboviruses traverse through the midgut of the vector after a viremic blood meal 
and enter the hemolymph. From here the virus travels to, and infects, the salivary glands of 
the mosquito. Successful transmission of the virus occurs when the infected mosquito takes a 
second blood meal and transmits the virus to a second host. Using a GFP-expressing Sindbis 
virus (SINV), we demonstrated that hemocytes, or blood cells, within the hemolymph of the 
mosquito are a site for arbovirus infection and amplification when the virus is introduced into 
the mosquitoes via intrathoracic injections (Parikh et al., 2009). In the current study, we 
corroborate these results in mosquitoes infected with SINV via the per os route, i.e. the 
natural route of infection. Midgut infection of the virus was traced and hemocytes were 
shown to exhibit virus infection. The results show, beyond a doubt, that hemocytes are a 
tissue type that can be used by this virus as a site for amplification. 
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3.1 INTRODUCTION 
Mosquitoes transmit a variety of arboviruses, including dengue, chikungunya, Rift 
Valley Fever, and West Nile viruses, with devastating consequences for global public and 
veterinary health. These viruses initiate infection in the midgut of the female mosquito 
following ingestion of a viremic blood meal. As the infection progresses, various intrinsic 
and extrinsic factors facilitate virus replication and dissemination from the midgut and 
subsequent invasion of, and replication in, the salivary glands. Several barriers to virus 
infection and dissemination in a mosquito host have been described. These include the 
midgut infection barrier, midgut escape barrier, salivary gland infection barrier (SIB) and 
salivary gland escape barrier (see Black et al., 2002). Overcoming these barriers is critical for 
the arbovirus to successfully replicate and disseminate throughout the vector body and also 
be transmitted to the next vertebrate host.  Hardy and colleagues previously speculated that 
the hemolymph could be an important component determining the SIB  because virus titers in 
the hemolymph of Culex tarsalis females susceptible to transmit Western Equine 
Encephalitis virus (Alphavirus: Togaviridae), were significantly higher than in the 
hemolymph of refractory females (Hardy et al., 1983). In the hemolymph of the mosquito, 
the pathogen is exposed to blood cells or hemocytes that are the principal elicitor and effector 
of immune responses. For example, hemocytes demonstrate tremendous phagocytic clearing 
capacity against Plasmodium, bacteria, yeast as well as abiotic agents such as latex beads 
(Hillyer et al., 2003, Hillyer et al., 2004, Da Silva et al., 2000).  
 In a recent study, Sindbis virus (SINV) (Togaviridae: Alphavirus), was shown to 
infect circulating hemocytes in multiple species of mosquitoes (Parikh et al., 2009). This 
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arbovirus tropism in hemocytes was described in four different species of mosquitoes: 
Aedes aegypti, Aedes albopictus, Aedes triseriatus and Culex pipiens infected with SINV 
TE/5’2J/GFP and SINV MRE16-eGFP when the virus was introduced in the insect via 
intrathoracic injection. Also, an increase in virus titer over time in hemolymph indicated 
virus replication in the hemocytes. In the study presented, to examine if a similar hemocyte 
infection pattern would occur if the virus was introduced in the mosquito via natural route, 
i.e. a viremic blood meal, SINV MRE16-eGFP was mixed with blood and was presented to 
Ae. aegypti mosquitoes. SINV MRE16-eGFP has the full complement of genes required to 
infect and disseminate from the midgut and hence is a very useful tool to study virus 
dissemination (Foy et al., 2004, Myles et al., 2003, Olson et al., 2000, Pierro et al., 2003). 
These experiments also enabled monitoring of the natural time line of virus infection in 
mosquitoes. Virus infection of hemocytes and other tissues was monitored using GFP 
expression as a means to indicate virus replication. Indeed, hemocytes from mosquitoes 
infected with the viremic blood meal showed GFP expression, i.e. hemocytes do get infected 
with an arbovirus via the natural route of infection. 
3.2 MATERIALS AND METHODS 
3.2.1 Mosquito Rearing 
Ae. aegypti is a primary vector of yellow fever virus, DENV and CHIKV. Ae. aegypti 
(Liverpool) larvae were reared in distilled water and fed ad libitum with a ground slurry of 
TetraMin® fish food (Tetra, Blacksburg, VA). Mosquitoes were maintained in an 
environmental chamber at 27°C ± 1°C and 70% ± 5% relative humidity with a 16:8-hour 
(Light:Dark) photoperiod. Adult mosquitoes were fed ad libitum with a 10% sucrose solution 
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soaked cotton ball. One to two-day-old adult females were used for injections, because 
younger females have more circulating hemocytes in the hemocoel (Hillyer et al., 2005). 
3.2.2 Cells and media 
BHK-21 (Baby Hamster Kidney) cells were used for virus production, propagation, 
isolation and plaque assays.  Cells were grown in Cellgro®  Eagle’s Minimum Essential 
Medium (Mediatech, Inc, Hernden, VA) supplemented with 10% Fetal Bovine Serum (FBS) 
(ATLANTA Biologicals®, Lawrenceville, GA), Cellgro® L-glutamine (Mediatech, Inc, 
Hernden, VA), Cellgro® penicillin-streptomycin (Mediatech, Inc, Hernden, VA), Cellgro® 
Vitamins (Mediatech, Inc, Hernden, VA), Cellgro® Amino acid solution (Mediatech, Inc, 
Hernden, VA) and Cellgro® Sodium bicarbonate (Mediatech, Inc, Hernden, VA), here after 
referred to as GM (growth medium), at 37°C and 5% CO2. Maintenance medium (MM) used 
for these cells was GM with 2% FBS. 
3.2.3 Virus Preparation and Quantification 
SINV MRE16-eGFP genome is ~15 kb long, is comprised entirely of the Malaysian 
MRE16 SINV strain, and this virus is infectious per os (Foy et al., 2004, Seabaugh et al., 
1998).  GFP is stably expressed from a double subgenomic promoter (Olson et al., 2000, 
Pierro et al., 2003).  SINV MRE16-eGFP virus was produced using standard techniques as 
described previously (Olson et al., 1996, Powers et al., 1996, Powers et al., 1994). Briefly, 
plasmid DNA was prepared from E. coli cells containing pMRE16-eGFP using FastPlasmid® 
Mini kit (Eppendorf, Hamburg, Germany), and linearized using Asc I (NEW ENGLAND 
Biolabs®). Positive-sense RNA was generated using the In vitro transcription kit: 
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mMESSAGE mMACHINE® SP6 (Ambion®, Austin, TX), and then electroporated into 
BHK-21 cells. Virus obtained 48 hours later from the cell supernatant then was amplified in 
BHK-21 cells. Newly generated virus was titrated by plaque assays and virus titer calculated 
as 1.25x109 PFU/ml.  
3.2.4 Mosquito Manipulation  
A volume of 5 ml of 1x108 PFU/ml SINV MRE16-eGFP was mixed with 5 ml of 
defibrinated sheep blood and introduced into a glass artificial feeder (hemotek), covered with 
parafilm and connected to a circulating water bath to maintain temperature at 37 °C. Four day 
old Ae. aegypti females were presented with this artificial blood meal for 30 min. Fully 
engorged mosquitoes were returned to the incubator in a carton and fed on 10% sucrose 
(w/v). At time points of interest, mosquitoes were aspirated from the carton and cold-
immobilized for perfusion by methods described previously (Beerntsen et al., 1990). Briefly, 
a tear was made on the last two abdominal segments of the cold-immobilized mosquito 
before placing it on a vacuum saddle. Mosquito hemolymph was then collected directly onto 
a slide by volume displacement using Aedes saline (Hayes, 1953) injected through the 
cervical membrane of the mosquito. Hemocytes were observed 15 minutes post-perfusion. 
Midguts, Malphigian tubules and ovaries were dissected and head squashes were prepared 
from the perfused mosquitoes, and observed for evidence of GFP expression from virus 
replication. Five mosquitoes per time point were used for hemocyte collection and tissue 
dissection. Each experiment was replicated with a minimum of three separate cohorts of 
mosquitoes.    
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3.2.5 Microscopy  
Perfusate containing hemocytes was observed at 400X, and all other tissues at 40X 
magnification, using a Nikon Eclipse 50i fluorescence microscope (Melville, NY) under UV 
light (EXFO, Mississauga, ON) equipped with a Hy-Q FITC filter set (Chroma, Rockingham, 
VT). Images were captured using a Digital Sight DS-2Mv camera and NIS Elements, version 
2.3 software (Nikon, Melville, NY). 
3.3 RESULTS AND DISCUSSION 
3.3.1 Progression of midgut infection in SINV MRE16-eGFP blood fed mosquitoes 
 MRE16-eGFP strain of SINV has the complete set of genes required to infect the 
midgut and hence infect the mosquito via a natural route. Midgut infection with MRE16-
eGFP started as early as 1 day post infection (dpi), visible as foci of infection in the midgut 
epithelium (Fig. 3.1 (A, B)). By 3 dpi the infection began to spread in the midgut epithelium 
and was not visible as separate foci (Fig. 3.1 (C, D)). Midgut infection remained persistent 
for the time points examined, for up to 12 dpi, with GFP expression spreading throughout the 
midgut as time progressed. From 4 dpi and later, 100% of the midguts tested were infected 
with SINV (Fig 3.2).  Our data support previous reports, where SINV MRE16-eGFP was 
shown to amplify in the midgut epithelium by 2-3 dpi in per os infections (Foy et al., 2004, 
Pierro et al., 2003). Midgut infection is essential for virus dissemination to other tissues in 
the mosquito, because it ensures increase in virus titers in the epithelium, in cases where the 
mosquito has taken a blood meal from a host with low viremia (Hardy et al., 1983). In fact, 
the midgut epithelium can serve as an arbovirus infection barrier within the mosquito where 
56 
 
establishing infection in, and escape from, these cells ensures virus dissemination to other 
tissues (Black et al., 2002).  
3.3.2 Hemocyte infection in orally infected mosquitoes 
After the virus infects the midgut epithelium in the mosquito, it not only has to escape 
the midgut epithelial cells and the surrounding basement membrane, but also has to traverse 
through the hemolymph and infect the salivary glands. Previous studies done in our 
laboratory have shown that circulating hemocytes of the mosquito Ae. aegypti can be infected 
with SINV TE/5’2J/GFP as well as SINV MRE16-eGFP (Parikh et al., 2009). Experiments 
with per os infection of SINV MRE16-eGFP in this mosquito demonstrate that hemocytes do 
get infected with this virus via natural route. Hemocyte infection was observed as early as 1 
dpi; however the intensity of GFP expression was extremely low. By 3 dpi, GFP expression 
was visible and noticeably brighter than the earlier time points (Fig. 3.3 (C, D)).  Hemocytes 
continued to be infected for up to 12 dpi, the final time point examined (Fig. 3.2). The 
percentage of infected hemocytes increased from ~30% at 1 dpi to ~60% at 2 dpi and was 
observed to be rising continually for the time period tested, i.e. for up to 12 dpi where SINV 
infection was detected in ~92% of hemocytes (Fig. 3.4). Hemocyte infection was observed to 
increase concurrently to the infection status of midguts in the mosquitoes (Fig. 3.2), 
suggesting that, as the amplified virus escapes the midgut, it is taken up by the circulating 
hemocytes. Hemocytes were the first tissue to be infected with SINV after midguts (Fig. 3.2). 
Hemocyte infection by an arbovirus via per os infection was observed but not characterized 
in previous studies (Foy et al., 2004). Therefore, this is the first description of infection of 
hemocytes by an arbovirus via per os infection. 
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3.3.3 SINV infection in other tissues 
 SINV infection was observed in other visceral tissues of the mosquito such as 
tracheae, Malphigian tubules, head tissue, and ovaries. Tissues including tracheae, 
Malphigian tubules and ovaries showed auto-fluorescence in the 520 nm – 545 nm range. 
Nevertheless, the fluorescence from GFP was greater than the background and visible at 4 
dpi and later in tracheae, at 7 dpi and later in Malphigian tubules, and at 11 and 12 dpi in 
ovaries (Fig. 3.2). However, it was not clear if the GFP expression observed at 11 and 12 dpi 
on the ovaries was from the ovarian sheath or the ovarian follicles. Nevertheless, this is the 
first report of SINV infection observed in ovaries. Head infection was observed from 4 - 5 
dpi and it increased with time, with head tissues from all mosquitoes tested being infected 
with SINV by 11 dpi (Figs. 3.2, 3.4). The degree and extent of infection in other tissues 
correlated with increase in percentage of infected hemocytes with time (Figs. 3.2, 3.4). These 
data suggest that hemocyte infection plays a role in disseminating the virus to other tissues.  
 The studies presented here demonstrate that hemocytes are a cell type that is infected 
by an invading arbovirus in a mosquito by the natural route. These results corroborate the 
earlier study where virus introduction via an intrathoracic injection in a mosquito was ensued 
by hemocyte infection in multiple species of mosquitoes (Parikh et al., 2009). Also, the time 
line of virus infection in other tissues suggests that hemocytes could be a conduit for virus 
dissemination from the midgut. These results support the earlier speculations by Hardy et al., 
(1983) that hemolymph (or the cells circulating in it – hemocytes) could be a determinant of 
the SIB in arbovirus-infected mosquitoes. Further studies need to be done with viruses other 
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than alphaviruses to see if similar phenomenon can be observed, as these interactions might 
differ based on the vector-virus system.  
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Fig. 3.1. Midgut infection with SINV MRE16-eGFP in Ae. aegypti. The blood bolus is 
visible in the midgut at 1 dpi (A). Virus infection is visible as individual foci in midgut 
epithelium at 1 dpi (B). Virus infection spreads in the midgut by 3 dpi (C, D). By 7 dpi (E, F) 
and all time later points, GFP is visible in the entire midgut epithelial surface. Images are 
representative from experiments with three separate cohorts of mosquitoes and are presented 
in pairs of phase-contrast (A, C, E) and fluorescent (B, D, F) micrographs. All images were 
taken at 40X magnification. Scale bar = 200 µm. 
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Fig. 3.2. Progression of SINV MRE16-eGFP infection in different tissues. Data presented are 
cumulative of three separate experiments, with 5 mosquitoes tested in each experiment. 
Presence of GFP in any tissue was interpreted as SINV infection and the proportion of 
infected tissues were calculated as the number of mosquitoes presenting with infected tissue 
out of the total number of mosquitoes tested in three experiments. Infection data are 
presented for  midguts,  hemocytes,  tracheae,  Malphigian tubules,  
ovaries and  heads. 
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Fig. 3.3. Representative images of infected hemocytes from mosquitoes presented with SINV 
MRE16-eGFP per os. GFP expression in hemocytes is faint at 1 dpi (A, B). By 3 dpi, GFP 
expression becomes intense and hemocyte infection is evident (C, D). GFP expression is still 
apparent at 7 dpi (E, F). Images are representative of three separate experiments and are 
presented in pairs of phase-contrast (A, C, E) and fluorescent (B, D, F) micrographs. All 
images were taken at 400X magnification. Scale bar = 10 µm. 
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Fig 3.4. Head and hemocyte infection with SINV over time, in per os infected mosquitoes. 
The primary Y axis represents the percentage of infected hemocytes in mosquitoes ( ) and 
the secondary Y axis represents percentage of infected heads ( ). Data presented are 
cumulative from three separate experiments, with five mosquitoes in each experiment tested 
for head and hemocyte infection.  
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CHAPTER 4 
DELINEATING THE PATHWAYS FOR PATHOGEN UPTAKE IN 
MOSQUITO CELLS 
A paper to be submitted to Cellular Microbiology 
 
Grishma R. Parikh, Bradley J. Blitvich and Lyric C. Bartholomay 
 
ABSTRACT 
Hemocytes or blood cells are a critical component of innate immunity in arthropods 
including mosquitoes. These cells are involved in processes such as phagocytosis and the 
melanization of invading microbes, and were recently shown to serve as a site for arbovirus 
infection and replication (Parikh et al., 2009). In this study, pharmacological inhibitors of 
clathrin-mediated endocytosis, actin polymerization and intracellular acidification were used 
to identify the pathways involved in virus entry and particle uptake by phagocytosis in 
Aedes albopictus (C6/36) cells (a hemocyte-like cell line). Cells were presented with 
pharmacologic inhibitors before or after infection with a GFP-expressing Sindbis virus 
(SINV) as a model of arbovirus infection, or the addition of labeled green fluorescent beads 
as a model of pathogen uptake by phagocytosis, and proportion of cells that were infected or 
phagocytic were calculated in presence or absence of inhibitors. SINV was shown to use the 
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clathrin-mediated endocytosis pathway, aided by the use of acidic compartments and 
cytoskeletal network polymerization. For particle uptake in C6/36 cells via phagocytosis, 
vesicular trafficking facilitated by actin polymerization and signaling events were shown to 
be significant. In vivo, hemocytes from the mosquito, Ae. aegypti, showed diminished virus 
infection when exposed to an inhibitor of clathrin-mediated endocytosis, and this was 
associated with decreased infection of heads and salivary glands in these mosquitoes.  
4.1 INTRODUCTION 
Mosquitoes transmit the disease agents that cause malaria, dengue fever, yellow 
fever, La Crosse encephalitis and chikungunya among others, with over a million deaths 
caused worldwide by malaria alone (see WHO, 2010). Like other insects, mosquitoes possess 
a complex innate immune system, the key players in which are the blood cells or hemocytes 
that are involved in processes such as phagocytosis, encapsulation and melanization. 
Mosquito hemocytes interact with a wide array of pathogens including protozoan parasites 
(Hillyer et al., 2007, Hillyer et al., 2003b, Pinto et al., 2009, Baton et al., 2009, Blandin et 
al., 2007), bacteria (Hillyer et al., 2004, Levashina et al., 2001, Bartholomay et al., 2004a, 
Bartholomay et al., 2007, Hillyer et al., 2003a) and yeast (Da Silva et al., 2000), in addition 
to latex beads (Hillyer et al., 2002). The subset of hemocytes called granulocytes is the most 
abundant cell type in the hemolymph and comprises approximately 90% of the total number 
of hemocytes of mosquitoes (Hillyer et al., 2002, Castillo et al., 2006). These cells 
phagocytose invading microbes early during infection, before anti-microbial peptide 
production peaks (Bartholomay et al., 2004b, Hillyer et al., 2003b). Recent studies have 
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demonstrated that Ae. aegypti hemocytes, and granulocytes in particular, are susceptible to 
Sindbis virus (SINV) (Togaviridae: Alphavirus) infection (Parikh et al., 2009).  
Much effort has been put into research unraveling the entry pathways of different 
viruses into vertebrate cells. West Nile virus (WNV) (Flaviviridae: Flavivirus) enters Vero 
cells via the clathrin-mediated endocytosis pathway (Chu et al., 2004). Using dynamin 
mutants in HeLa cells, DeTulleo et al. (1998) showed that the alphaviruses, Semliki Forest 
virus (SFV) and SINV, enter using clathrin-mediated endocytosis. Recently, Bernard et al., 
(2010) showed that Chikungunya virus (CHIKV), another alphavirus, uses clathrin-mediated 
endocytosis to enter HEK293T cells. However, for viruses that are endocytosed into the cell, 
entry itself is not sufficient for establishment because they are still a part of the extracellular 
environment within the endosome. Acidification and maturation of the endosomes with 
lysosomes within the cell is required to fuse the viral envelope to endosomal membranes and 
release the genome into the cytoplasm or targeted organelle. Japanese encephalitis virus 
(JEV; Flaviviridae: Flavivirus) uses intracellular acidic compartments to infect Vero cells 
(Nawa, 1998). SFV exhibited a similar requirement for acidification when BHK-21 cells 
were exposed to the virus (Helenius et al., 1980).  
Studies of virus interactions with mosquito cells have primarily been performed using 
C6/36 cells, which are considered to be hemocyte-like cells, because they are phagocytic in 
nature (Mizutani et al., 2003).  The flaviviruses WNV and Dengue virus (DENV) use the 
clathrin-mediated endocytosis pathway to enter C6/36 cells (Chu et al., 2006, Mosso et al., 
2008, Acosta et al., 2008) whereas JEV uses acidic compartments to infect this cell line 
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(Nawa, 1998). By contrast, the process of alphavirus entry into mosquito cells has not been 
explored.  
The key role of hemocytes in mosquitoes, however, has been considered to be 
phagocytosis, which is a process central to innate immunity. Although hemocyte-virus 
interactions in mosquitoes are just beginning to come to light (Parikh et al., 2009), much 
research has been done with respect to studying the role of this tissue in the process of 
phagocytosis in the last decade. In mosquitoes, hemocytes are involved in phagocytosis as 
early as 5 min post-exposure to bacteria (Hillyer et al., 2003b) and remain active in 
phagocytosing invading microbes while taking part in the signaling events to produce anti-
microbial peptides (Hillyer et al., 2003b, Hillyer et al., 2004, Bartholomay et al., 2004b, 
Blandin et al., 2007). In Anopheles gambiae, the Down’s syndrome cell adhesion molecule 
(AgDscam) is present in the hemolymph and acts both as an opsonin and a receptor for 
pathogen-specific responses mediated by hemocytes (Dong et al., 2006). Beyond using 
specific receptors, a pathogen may also use a generalized pathway to enter a cell such as 
macropinocytosis and clathrin-mediated endocytosis in combination with intracellular 
signaling events to increase the likelihood of cell entry (see Stuart et al., 2008, Veiga et al., 
2006). Latex beads are an excellent tool to study phagocytosis because they elicit a strong 
phagocytic response but are not pathogenic. They have been used in numerous studies to 
understand insect immune responses in vitro (Mizutani et al., 2003) and in vivo (see Lamprou 
et al., 2005, Lamprou et al., 2007, Borges et al., 2008, Hillyer et al., 2002, Hillyer et al., 
2003b). In the current study, fluorescent latex beads were used in tandem with various 
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pharmacological agents to investigate the cellular processes involved in phagocytosis in 
C6/36 cells. 
C6/36 cells were originally derived from Ae. albopictus larvae and are used widely to 
study mosquito-arbovirus interactions (Brackney et al., 2010, Scott et al., 2010). Delineating 
the pathways for pathogen-uptake such as phagocytosis and virus entry into these cells would 
pave the way to identifying the pathogen-specific interactions that may occur in these 
medically important insects. To this end, we employed model challenges to observe virus 
entry and establishment (SINV) and phagocytosis (latex beads) in C6/36 cells. Using 
pharmacologic inhibitors of the endocytic machinery including the clathrin pathway, 
cytoskeletal network polymerization, acidification of endosomes and signaling events, we 
demonstrate that distinct differences exist in the two infection models in terms of mode of 
entry into, and establishment in, C6/36 cells. Subsequent in vivo experiments performed 
using hemocytes collected from Ae. aegypti reveal that the percentage of infected cells 
decreases when clathrin-mediated endocytosis is inhibited, resulting in diminished viral 
dissemination to head and salivary gland tissues.   
4.2 MATERIALS AND METHODS 
4.2.1 Cells and Media 
C6/36 cells (Aedes albopictus embryonic tissue cells) were used to perform all in 
vitro virus entry and bead phagocytosis assays. C6/36 cells were grown in Leibovitz’s L-15 
media (GIBCO®, Grand Island, NY) containing 10% fetal bovine serum (FBS) (Atlas 
Biologicals, Fort Collins, CO), 1% L-glutamine (SIGMA-ALDRICH®, St. Louis, MO) and 
70 
 
1% penicillin-streptomycin (GIBCO®) at 28 °C. Maintenance medium (MM) for C6/36 cells 
contained the same media with 2% FBS. African Green Monkey kidney (Vero) and baby 
hamster kidney (BHK-21) cells were maintained in growth medium (GM) containing 
minimum essential medium (Mediatech, Inc., Hernden, VA) supplemented with 10% FBS, 
1% L-glutamine and 1% Penicillin-Streptomycin at 37 °C and 5% CO2.  MM used for Vero 
and BHK-21 cells was GM with 2% FBS. BHK-21 cells were used for virus production and 
Vero cells were used for virus amplification and quantification.  
4.2.2 Mosquito rearing 
Aedes aegypti (Liverpool) larvae were reared in distilled water and fed ad libitum 
with a ground-slurry of TetraMin® fish food (Tetra, Blacksburg, VA). Mosquitoes were 
maintained in an environmental chamber at 27°C ± 1°C and 70% ± 5% relative humidity 
with a 16:8-hour (Light:Dark) photoperiod, and provided with cotton balls soaked in 10% 
sucrose solution (w/v) ad libitum. One to two-day-old adult females were used for injections, 
because younger females have more circulating hemocytes in the hemocoel (Hillyer et al., 
2005). 
4.2.3 Virus preparation and purification  
The TE/5’2J/GFP strain of SINV is a transducing virus, not infectious via the per os 
route (Pierro et al., 2007, Foy et al., 2004). Green Fluorescent Protein (GFP) is expressed 
from a double subgenomic promoter and is known to be a stable insert in the virus (Olson et 
al., 2000, Pierro et al., 2003). SINV TE/5’2J/GFP virus was produced as described 
previously (Olson et al., 1996, Powers et al., 1996). Briefly, plasmid DNA was prepared 
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from E. coli cells containing pTE/5’2J/GFP using the FastPlasmid® Mini kit (Eppendorf, 
Hamburg, Germany), and linearized using Xho I (NEW ENGLAND Biolabs®, Ipswich, MA). 
Positive-sense RNA was generated using the In vitro transcription kit: mMESSAGE 
mMACHINE® SP6 (Ambion®, Austin, TX), and electroporated into BHK-21 cells. Virus 
was collected from the cell supernatant 48 hours later and inoculated onto Vero cells. At 48 
hours post-infection, virus was clarified by ultracentrifugation in SW28 rotors at 26,100 rpm 
using a 25% sucrose solution cushion at 4 °C for 3.5 hr. The virus pellet was washed and re-
suspended in TNE buffer (50 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, pH 7.2). Purified 
virus was titrated by plaque assay using Vero cells. 
4.2.4 Endocytosis inhibitors  
Endocytosis inhibitors used in these experiments are as follows: 5 µg/ml 
chlorpromazine-HCl (MP Biochemicals™, LLC, Solon, OH), 0.3 M sucrose  (Fisher 
Chemicals, Fairlawn, NJ), 60 µM genistein (SIGMA-ALDRICH® St. Louis, MO), 40 µM 
SP600125 (Enzo® Life Sciences International, Plymouth Meeting, PA),  20 µM bafilomycin 
A1 (LC Laboratories®, Woburn, MA), 20 mM NH4Cl (Fisher Chemicals, Fairlawn, NJ), 10 
µM nocodazole (SIGMA-ALDRICH®) and 1 µg/ml cytochalasin D (Tocris Bioscience, 
Ellisville, MO). The inhibitor concentrations mentioned above were selected because they 
were proven effective when used to investigate the pathways used by WNV or DENV to 
enter C6/36 cells (Chu et al., 2006, Acosta et al., 2008, Mizutani et al., 2003). 
Chlorpromazine-HCl and sucrose are inhibitors of the clathrin-mediated endocytosis 
pathway. Ammonium chloride and bafilomycin A1 are lysosomotropic bases; NH4Cl helps 
increase the pH of acidic compartments in the cell thereby preventing endosome and 
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lysosome maturation and bafilomycin A1 inhibits the vacuolar H+-ATPase and thus blocks 
the acidification of lysosomes. Nocodazole and cytochalasin D suppress endocytotic 
trafficking by inhibiting microtubule polymerization and actin polymerization, respectively. 
SP600125 suppresses signaling events in the cell by inhibiting the c-Jun NH2-terminal kinase 
(JNK) pathway, which is important for WNV entry into C6/36 cells (Chu et al., 2006). 
Genistein (SIGMA-ALDRICH®) is an inhibitor of the Focal adhesion kinase (FAK) 
pathway. Virus entry and bead phagocytosis assays were performed using the same 
concentrations of inhibitors in order to keep conditions in the assays consistent, and the 
results comparable. Stocks for all drugs (except sucrose and NH4Cl) were prepared in 
dimethyl sulfoxide and stored at -20 °C, and working solutions were freshly prepared and 
diluted in phosphate buffered saline (PBS, pH 7.2) immediately before use.  
4.2.5 Virus entry assays and drug treatments 
Virus entry assays were performed using published protocols (Chu et al., 2006). 
Briefly, C6/36 cells were grown on coverslips to ~90% confluency. Cells were washed twice 
with ice-cold PBS, pH 7.2 and inoculated with SINV TE/5’2J/GFP diluted in PBS at a 
multiplicity of infection (m.o.i.) of 10 for 1 hr with gentle rocking. Unbound virus was 
removed by washing the cell monolayers three times and then the cells were incubated for 1 
hr at 37 °C in growth medium for virus penetration. To remove any extracellular virus that 
was bound but did not enter the cells, monolayers were washed and treated with acid glycine 
buffer, pH 2.8. Cells then were washed twice and incubated for 48 hr at 28 °C in MM. These 
cells were used as controls.  
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Cells were pretreated with different inhibitors to examine the effect of drugs on virus 
entry. Cells were also exposed to drugs post virus-inoculation in order to assess if they had 
any effect on the establishment of the virus into the cells. For pre-treatment exposures, C6/36 
cells were treated with inhibitors for 30 min at 28 °C and subsequently inoculated with the 
virus. For post-treatment exposures, drugs were added at 30 min, 1 hr or 2 hr post virus 
inoculation. Previous studies show the inhibitory effect of these drugs on WNV and DENV 
infection in C6/36 cells for up to 1 hr post virus-exposure (Chu et al., 2006, Acosta et al., 
2008). Additionally, by 2 hr post-exposure, the alphavirus genome is already released in the 
cytoplasm (see Froshauer et al., 1988). Therefore, for these studies, to keep the comparison 
consistent and to test if the inhibitory effect of these drugs affected the virus establishment in 
cells, 30 min, 1 hr and 2 hr post-exposure were used as time points of choice. C6/36 cells 
were inoculated with virus as described above and at 48 hr post-infection, the coverslips with 
cell monolayers were transferred onto a microscope slide and checked for virus infection by 
detecting GFP expression. The data presented represent the cumulative data from 3 separate 
experiments, each experiment consisting of 2 samples per treatment. 
4.2.6 Bead phagocytosis assays and drug treatments 
C6/36 cells have been shown to be hemocyte-like and are phagocytic in nature 
(Mizutani et al., 2003). To assess the effect of endocytosis inhibitors on the phagocytic 
capacity of C6/36 cells, C6/36 cells were grown on coverslips to ~90% confluency. Cells 
were washed twice with ice-cold PBS and incubated with ~1.0 µm sized carboxylate-
modified polystyrene fluorescent yellow-green latex beads (SIGMA-ALDRICH®) at a 
concentration of 100 beads per cell for 30 min in PBS with gentle rocking. Unbound beads 
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were removed by washing the monolayers three times with ice-cold PBS, and cells were 
transferred to MM at 28 °C. These cells were used as controls. For investigating the effect of 
inhibitors on particle uptake, C6/36 cells were exposed to different inhibitors 30 min before 
bead exposure for pre-treatment groups, and at 30 min, 1 hr and 2 hr for post-treatment 
groups. Cells were then processed as described, and incubated at 28 °C in MM. At 24 hr, cell 
monolayers were transferred onto a microscope slide and checked for bead phagocytosis 
using fluorescence microscopy. Each treatment was performed twice per experiment and the 
data presented are cumulative from three separate experiments.  
4.2.7 In vivo analysis of virus infection post drug treatment 
 In order to investigate if virus infection was affected by the presence of endocytosis 
inhibitors in vivo, Ae. aegypti adult females were injected with chlorpromazine, the most 
effective inhibitor for virus entry in vitro (see section 4.3.1 and Fig. 4.1 below) and subjected 
to SINV TE/5’2J/GFP infection. Mosquitoes were divided into three groups: (1) a control 
group injected with 0.5 µl of 108 PFU/ml SINV TE/5’2J/GFP per mosquito, (2) mosquitoes 
injected with a mixture of chlorpromazine and SINV with final concentration of 
chlorpromazine of 5 µg/ml and final virus titer of 108 PFU/ml per mosquito delivered 
together in a volume of 0.5 µl and (3) mosquitoes injected first with 0.5 µl of 5 µg/ml of 
chlorpromazine, and at 6 hr post chlorpromazine injection given a subsequent injection of 0.5 
µl of 108 PFU/ml SINV TE/5’2J/GFP per mosquito. Mosquitoes were returned to the 
environmental chamber to be maintained and, after the appropriate period of time, aspirated 
from the carton and cold-immobilized for perfusion by methods described previously 
(Beerntsen et al., 1990). Briefly, a tear was made on the last two abdominal segments of the 
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cold-immobilized mosquito before placing it on a vacuum saddle. Mosquito hemolymph was 
then collected directly onto a slide by volume displacement using Aedes saline (Hayes, 1953) 
injected through the cervical membrane of the mosquito. Hemocytes were observed 15 
minutes post-perfusion. Salivary glands were dissected and head squashes were prepared for 
each of these mosquitoes as well, and tissues observed for virus infection by detecting GFP 
expression. Five mosquitoes were used per group, per time point for perfusion and head and 
salivary gland dissection for each experiment. Data presented are cumulative from 
experiments conducted with at least three separate cohorts of mosquitoes.    
4.2.8 Microscopy 
C6/36 cells were observed at 100X, Ae. aegypti hemocytes at 400X and head and 
salivary gland tissues at 40X magnification, using a Nikon Eclipse 50i fluorescence 
microscope (Melville, NY) under UV light (EXFO, Mississauga, ON) equipped with a Hy-Q 
FITC filter set (Chroma, Rockingham, VT). Images were captured using a Digital Sight DS-
2Mv camera and NIS Elements, version 2.3 software (Nikon, Melville, NY). 
4.3 RESULTS 
4.3.1 Clathrin-mediated endocytosis 
C6/36 cells treated with two pharmacologic inhibitors of clathrin-mediated 
endocytosis, sucrose and chlorpromazine, showed decreased proportions of SINV-infected 
cells as compared to controls, whether the inhibitor was provided before or after virus 
challenge. In the control groups, to which no inhibitor was added, 76.56 ± 2.32% of C6/36 
cells showed signs of SINV-infection as measured by GFP expression (Figs. 4.1, 4.2). 
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Inhibition was most pronounced when chlorpromazine was added 1 hr before virus 
inoculation (Fig. 4.2); 20 ± 7.2% of cells became infected under these conditions (p = 2.95 × 
10-4, two tailed t-test, assuming unequal variances). When chlorpromazine was added at 30 
min, 1 hr and 2 hr after virus inoculation, 28 ± 5.7%, 28.81 ± 4.8% and 34.6 ± 3.07% of the 
cells, respectively became infected which is also significantly lower than the control cultures 
(Fig. 4.1 (A)) (p = 1.31 × 10-4, 3.07 × 10-5 and 1.9 × 10-7 for 30 min, 1 hr and 2 hr post-
treatment respectively). Sucrose-treated cells showed significantly lower proportions of 
SINV-infected cells than controls in the pretreatment ((-) 1 hr) (33.16 ± 12.16% of cells 
became infected, p = 0.0153) and 2 hr post-treatment (57.16 ± 4.4% of cells became infected, 
p = 0.0044) groups (Fig. 4.1 (B)). But the most pronounced effect of sucrose was seen at 30 
min (29.6 ± 4.59% of infected cells, p = 2 × 10-5) and 1 hr (32.6 ± 7% of infected cells, p = 
9.3 × 10-4) post-treatment (Fig. 4.1 (B)).  Chlorpromazine was a stronger inhibitor than 
sucrose for SINV entry into mosquito cells immediately and at 1 hr and 2 hr post virus-
exposure (Fig. 4.1 (A, B)). 
Phagocytosis assays were performed with C6/36 cells exposed to sucrose and 
chlorpromazine. Of the control cells (that were not exposed to inhibitors) 61.73 ± 3.48% 
exhibited phagocytic capacity (Figs. 4.1, 4.3). In contrast to the virus entry process, bead 
phagocytosis was largely unaffected by sucrose treatment. Sucrose treatment inhibited 
phagocytosis of beads at 30 min post-exposure, with 57.75 ± 7.16% of cells phagocytosing 
beads (p = 0.0197). But, sucrose was ineffective in inhibiting phagocytosis at any other time 
point before or after bead exposure (Fig. 4.1 (D)). In contrast, treating cells with 
chlorpromazine had a significant effect on bead phagocytosis both in the pre-treatment group 
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(37.5 ± 4.5% of phagocytic cells, p = 0.00117) (Fig. 4.3) and post-treatment groups (19.21 ± 
7.3% of phagocytic cells, p = 0.00106 for 30 min; 37.58 ± 4.8% of phagocytic cells, p = 
0.00187 for 1 hr and 31.13 ± 4.9% of phagocytic cells, p = 4.13 × 10-4 for 2 hr post bead 
exposure) (Fig 4.1 (C)).  
4.3.2 Use of acidic compartments 
 The lysosomotropic weak bases ammonium chloride and bafilomycin A1 were used 
to increase the pH of endosomes, thereby preventing endosomal maturation post lysosome 
fusion. The effect of using these drugs on SINV entry and bead phagocytosis was tested. In 
the control groups, to which no inhibitor was added, 76.56 ± 2.32% of C6/36 cells showed 
signs of SINV-infection (Fig. 4.4). Both NH4Cl and bafilomycin had the most pronounced 
effect on SINV entry into C6/36 cells at 30 min post virus exposure (19.83 ± 3.43% of 
infected cells, p = 6.7 × 10-8 for NH4Cl and 24 ± 3.11% of infected cells, p = 2.2 × 10-8 for 
bafilomycin). Bafilomycin-treated cells showed significantly lower infection than the control 
group in the pretreatment (53.3 ± 8.8% of infected cells, p = 0.046) and 1 hr post-treatment 
(39.3 ± 9.3% of infected cells, p = 0.0091) groups (Fig. 4.4 (B)). Bafilomycin treatment at 2 
hr post virus exposure showed reduced proportion of infected cells, with only 54.83 ± 9.78% 
of cells being infected with SINV, but this reduction was not significant (p = 0.077) (Fig.4.4 
(B)). NH4Cl was effective at inhibiting virus infection of the cells in pretreatment (Fig. 4.2) 
(36.16 ± 9.4% of SINV-infected cells, p = 0.00704) and post-treatment groups (1 hr: 40 ± 
9.31% of infected cells, p = 0.0099, 2 hr: 36.85 ± 7.8% of infected cells, p = 0.00303; Fig. 
4.4 (A)). These results support the observations that SINV is endocytosed into these cells via 
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clathrin-mediated endocytosis process, because pH decline in the endosomes is a crucial step 
in the clathrin-mediated endocytosis pathway, post lysosome fusion. 
The lysosomotropic bases exhibited a greater impact on the phagocytosis of beads by 
C6/36 cells than on virus entry. In these experiments, 61.73 ± 3.48% of control cells 
exhibited phagocytic capacity (Figs. 4.3, 4.4). The most significant inhibitory effect was seen 
in cells that were pretreated (30 min prior to exposure) with NH4Cl, in which only 25 ± 
1.69% of the cells phagocytosed beads (p = 3.3 × 10-10); and with bafilomycin, with only 
31.33 ± 4.8% of cells being phagocytic (p = 3.35 × 10-4) (Figs. 4.3, 4.4 (C, D)). Ammonium 
chloride was also an effective inhibitor of bead uptake at 30 min (12.95 ± 4% of phagocytic 
cells, p = 3.69 × 10-7) and 1 hr (27.43 ± 11% of phagocytic cells, p = 0.0247) post bead 
exposure, but this effect decreased at 2 hr post bead exposure (49.15 ± 5.5% of phagocytic 
cells, p = 0.0856) (Fig. 4.4 (C)). Bafilomycin also was effective at inhibiting later stages of 
phagocytosis because reduced phagocytosis was evident when cells were treated 30 min (40 
± 4.2% of phagocytic cells, p = 0.00179) and 1 hr (24.6 ± 3.87% of phagocytic cells, p = 4.7 × 10-6) post-exposure. However, by 2 hr post-exposure, bafilomycin treatment had no effect 
on the phagocytic capacity of these cells, with 63.18 ± 6.6% of the cells being phagocytic (p 
= 0.851) (Fig. 4.4 (D)). These data show that the kinetics of the temporal change in pH in 
endosomes is important in the process of phagocytosis. 
4.3.3 Cytoskeletal network rearrangement and polymerization 
 Actin filaments and microtubules have important roles in cytoskeletal rearrangement 
during pseudopodia formation and vesicular rearrangement processes that are fundamental to 
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phagocytosis. Cytochalasin D was used to inhibit actin polymerization, and nocodazole was 
used to inhibit microtubule polymerization in C6/36 cells. In the control groups, to which no 
inhibitor was added, 76.56 ± 2.32% of C6/36 cells showed signs of SINV-infection (Figs. 
4.2, 4.5). Actin was shown to be important in the early stages of virus entry because the 
proportion of infected cells was significantly lower in cell cultures exposed to cytochalasin 
D, with only 50.78 ± 7.13% of cells being infected with SINV at 30 min post-infection (p = 
0.00802). There was also a significant reduction in the proportion of infected cells in the pre-
treated group with 51.16 ± 7.73% of cells showing signs of infection (p = 0.0202), but not in 
the cell cultures treated with cytochalasin D at 1 hr and 2 hr post virus-infection (69.33 ± 
6.4% of infected cells, p = 0.331; and 61.16 ± 7.6% of infected cells, 0.102 respectively) 
(Fig. 4.5 (A)). Microtubules, on the other hand, were shown to inhibit the later stages of 
SINV entry into the cells, because nocodazole treatment at 30 min (p = 2.3 × 10-8), 1 hr (p = 
0.012) and 2 hr (p = 0.0011) post-exposure resulted in significantly fewer infected cells 
(53.06 ± 1.93%, 59.64 ± 4.63% and 53.83 ± 4.1% of infected cells, respectively)(Fig. 4.5 
(B)). 
 Phagocytosis assays conducted in the presence of these inhibitors showed that actin 
polymerization was important during all the stages of the process (immediately and at 30 
min, 1 hr and 2 hr post bead-challenge) but microtubule polymerization was most important 
during the early stages (immediately and at 30 min and 1 hr post bead-challenge) of 
phagocytosis. In control cells, where C6/36 cells were not exposed to inhibitors, 61.73 ± 
3.48% of cells exhibited phagocytic capacity. As compared to control cultures, the 
cytochalasin D treated cells showed significantly lower numbers of phagocytic cells, with 
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only 29.5 ± 2.75% of cells showing the capacity to phagocytose beads when cells were 
pretreated with the drug (p = 3.08 × 10-7). When cells were treated with the drug after being 
exposed to beads at 30 min, 1 hr and 2 hr, the phagocytic capacity of the cells was reduced 
significantly from the controls, with only 25.6 ± 2.2%, 33.66 ± 2.6% and 26.66 ± 2% of cells 
phagocytosing beads at those time points respectively (p = 4.22 × 10-9, 1.77 × 10-6, and 2.44 × 10-9 respectively) (Fig. 4.5 (C)). Nocodazole treated cells showed significantly lower 
phagocytic cells in the early time points, the pretreatment group (39.7 ± 4.6% of phagocytic 
cells, p = 0.00297) as well as 30 min (49.5 ± 2.8% of phagocytic cells, p = 0.0123) and 1 hr 
(32.9 ± 9.4% of phagocytic cells, p = 0.0216) post bead exposure, but not at 2 hr post-
exposure (66.81 ± 2.5% of phagocytic cells, p = 0.085) (Fig. 4.5 (D)). Therefore, inhibiting 
cytoskeletal rearrangement, particularly actin polymerization, had a more significant impact 
on phagocytosis of beads as compared to SINV entry into the cells.  
4.3.4 Signaling events in endocytosis and phagocytosis 
 Integrin mediated signaling events that trigger mitogen-activated protein kinases 
(MAPKs) are involved in cell proliferation, differentiation, death as well as inflammatory 
responses in vertebrate cells (see Huang et al., 2009). The JNK pathway is activated 
downstream of MAPK and is involved in WNV entry in C6/36 cells (Chu et al., 2006, 
Mizutani et al., 2003). We tested the efficiency of SINV entry and establishment into C6/36 
cells in the presence of the JNK inhibitor SP600125. In the control groups, to which no 
inhibitor was added, 76.56 ± 2.32% of cells showed signs of SINV-infection (Figs. 4.2, 4.6). 
SP600125 did not affect the ability of the virus to enter C6/36 cells, except at 1 hr post-
infection, where 64.3 ± 3.4% of the cells showed signs of SINV infection (p = 0.0145) (Fig. 
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4.6 (A)). Genistein was used to inhibit phosphorylation of FAK which acts upstream of 
MAPK and is triggered by integrin activation on the cell membrane. Genistein showed slight 
but significant inhibition of virus establishment into the cells during the later stages of the 
assay, i.e. at 30 min (69.35 ± 1.74% of infected cells, p = 0.0204), 1 hr (64.07 ± 3.4% of 
infected cells, p = 0.0123) and 2 hr (65.1 ± 3.7% of infected cells, p = 0.0269) post-infection 
((Fig. 4.6 (B)). These data suggest that although FAK plays a role in SINV entry into the 
cells, JNK is not involved in this process.  
Phagocytosis assays showed different results with SP600125 and genistein. In control 
cultures, where cells were not exposed to inhibitors, 61.73 ± 3.48% of C6/36 cells exhibited 
phagocytic capacity. Exposure to SP600125 inhibited bead phagocytosis in C6/36 cells in the 
pre-treatment group with only 17.36 ± 1.9% cells showing phagocytosis of beads (p = 1.12 × 
10-11) (Fig. 4.3). The inhibition of phagocytosis with SP600125 was statistically significant at 
different times post bead exposure, at 30 min (29.28 ± 5.7% of phagocytic cells, p = 8.56 × 
10-4), 1 hr (24.55 ± 3.54% of phagocytic cells, p = 1.2 × 10-6) and 2 hr (32.4 ± 2.1% of 
phagocytic cells, p = 1.04 × 10-7) (Fig. 4.6 (C)). Inhibiting FAK with genistein resulted in 
decreased phagocytosis of beads by C6/36 cells. This inhibitory effect was most pronounced 
in the pre-treatment group with only 26.2 ± 5.7% of cells phagocytosing beads (p = 4.62 × 
10-4). The post-treatment groups showed significantly fewer phagocytic cells at 30 min 
(35.46 ± 5.3% of phagocytic cells, p = 0.00214) and 1 hr (31.98 ± 8.64% of phagocytic cells, 
p = 0.016) post-exposure (Fig. 4.6 (D)). These results further confirmed our observations that 
the JNK pathway, which acts downstream of FAK, is involved in phagocytosis of beads, but 
not in virus infection. 
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4.3.5 Effect of using endocytosis inhibitor on virus infection in the mosquito Ae. aegypti 
 In these studies, chlorpromazine was recognized as the most effective inhibitor of 
SINV entry in C6/36 cells. In order to assess the effect of pharmacological inhibitors on virus 
infection in hemocytes in vivo, Ae. aegypti were subjected to chlorpromazine treatment 
before and after virus infection. In control mosquitoes injected with virus only, the rate of 
hemocyte infection was as follows: 53.64 ± 3.36% of hemocytes infected at 1 day post-
infection (dpi), 54.68 ± 2.34% of hemocytes infected at 2 dpi, 57.38 ± 2.03% of hemocytes 
infected at 3 dpi, 45.68 ± 2.02% of hemocytes infected at 4 dpi and 43.81 ± 2.8% of 
hemocytes infected at 5 dpi. Chlorpromazine exposed mosquitoes showed significantly lower 
levels of virus-infected hemocytes as compared to controls injected with virus alone as early 
as 1 dpi and up to 5 dpi (Fig. 4.7). The mean percentage of infected hemocytes in mosquitoes 
injected with a mixture of chlorpromazine and virus was significantly lower from those of 
control mosquitoes that were injected with virus alone at 1 dpi (29.53 ± 2.8% of hemocytes 
infected, p = 6.83 × 10-3, two tailed t-test, assuming unequal variances), 2 dpi (32.76 ± 2.9% 
of hemocytes infected with SINV, p = 2.81 × 10-6), 3 dpi (26.72 ± 2.07% of hemocytes 
infected, p = 2.04 × 10-11) and 4 dpi (33.05 ± 2.98% of hemocytes infected, p = 0.00178).  
This inhibitory effect was more pronounced in mosquitoes that were pre-injected with 
chlorpromazine before being infected with the virus, mimicking what was observed in vitro. 
In these mosquitoes, the mean percentage of virus infected hemocytes was significantly 
lower from the control mosquitoes at all the time points checked – 1 dpi (21.43 ± 1.56% of 
hemocytes infected, p = 1.27 × 10-8), 2 dpi (20.66 ± 1.8% of hemocytes infected, p = 4.9 × 
10-12), 3 dpi (21.95 ± 1.89% of hemocytes infected, p = 2.15 × 10-13), 4 dpi (20.58 ± 1.66% 
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of hemocytes infected, p = 4.61 × 10-10) and 5 dpi (27.06 ± 3.07% of hemocytes infected, p = 
6.1 × 10-4). The effect of chlorpromazine was evident in other tissues as well. Salivary 
glands and head tissues from the mosquitoes exposed to chlorpromazine exhibited lower 
infection rates than the control mosquitoes (Fig. 4.8). Again, the mosquitoes that were pre-
exposed to the drug showed the greatest reduction in the infection status of salivary glands 
(Fig. 4.8 (B)) and head tissues (Fig. 4.8 (A)). These data corroborate the findings from the in 
vitro experiments that SINV uses clathrin-mediated endocytosis to infect mosquito 
hemocytes. The decreased virus replication in hemocytes in these mosquitoes then translates 
to diminished infection of heads and salivary glands. 
4.4 DISCUSSION 
Hemocytes in insects play a critical role in innate immunity. In mosquitoes, 
granulocytes are the dominant hemocyte type in circulation in the hemolymph (Hillyer et al., 
2002, Castillo et al., 2006). These cells have the capacity to exert a rapid and robust 
phagocytic response. In fact, it is estimated that a single granulocyte can phagocytose up to 
100 E. coli (Hillyer et al., 2003b). Hemocytes, particularly granulocytes, also exhibit the 
capacity to be infected with viruses (Parikh et al., 2009). There are fewer than 1,500 
hemocytes in a female mosquito, most of which adhere to internal organs (Castillo et al., 
2006, Hillyer et al., 2002). Moreover, the short lifespan of hemocytes ex vivo makes them 
difficult to study. Being hemocyte-like (Mizutani et al., 2003), C6/36 cells are hence a very 
useful tool to study pathogen-hemocyte interactions. Here, we compared mechanisms of 
uptake of distinct immune response elicitors including virus and latex beads that are rapidly 
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phagocytosed. Additionally, we tested the impact of blocking clathrin-mediated endocytosis 
for virus entry into mosquito hemocytes in vivo. 
Clathrin plays a major role in the endocytosis process, and is used by a number of 
viruses for internalization. For example, influenza virus, vesicular stomatitis virus, SFV and 
human rhinovirus use clathrin-mediated endocytosis for internalization in mammalian cells 
(Fan et al., 1978, Helenius et al., 1980, DeTulleo et al., 1998, Sieczkarski et al., 2005, 
Sieczkarski et al., 2003b). SINV uses clathrin-mediated endocytosis to enter mammalian 
cells (DeTulleo et al., 1998, Fan et al., 1978). Using pharmacological inhibitors of this 
pathway, chlorpromazine and sucrose, we show that SINV also uses clathrin-mediated 
endocytosis to enter C6/36 cells. To the best of our knowledge, this is the first study to 
demonstrate that alphaviruses use clathrin-mediated endocytosis to enter mosquito cells. 
Moreover, because C6/36 cells were derived from Ae. albopictus larvae (Igarashi, 1978), this 
study has important implications as this mosquito is a primary vector of CHIKV (Powers, 
2010, Schwartz et al., 2010). Recently, CHIKV has been shown to use the clathrin pathway 
to enter mammalian cells (Bernard et al., 2010). The process of phagocytosis involves 
pathogen binding to a receptor followed by internalization into the cell using endosomes, 
which can be stabilized by the use of molecules such as clathrin and coatamer protein (see 
Stuart et al., 2008). Bacteria such as Listeria monocytogenes have the ability to enter non-
phagocytic mammalian cells via the clathrin-mediated endocytosis pathway (see Veiga et al., 
2006). The data presented here show that although chlorpromazine inhibited bead 
phagocytosis into C6/36 cells, sucrose was efficient at inhibiting phagocytosis only up to 1 hr 
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post bead exposure. Nevertheless, the clathrin-mediated endocytosis process appears to be 
important for phagocytosis of particles.  
Endocytic compartments are a critical location for a pathogen. Most pathogens are 
killed by the host cell when the endosomes are fused with lysosomes, the fusion causing a 
dramatic pH change. This decrease in pH results in activation of several lysosomal enzymes, 
such as lysozyme and cathepsins that are critical in destroying the invading microbe within 
the cell (Stuart et al., 2008). For endocytosed viruses, the acidic environment of these cellular 
compartments is necessary for the fusion of the envelope to vesicle membranes in order to 
release the virus genome into the cytoplasm for replication (reviewed in Sieczkarski et al., 
2002). To investigate the effect of increasing the pH in these acidic compartments on 
pathogen uptake as well as virus entry and establishment, we used ammonium chloride and 
bafilomycin. Use of ammonium chloride and bafilomycin inhibited SINV establishment into 
the cells as well as bead phagocytosis. Our results support previous studies, where 
bafilomycin, NH4Cl and other lysosomotropic bases were shown most effective in inhibiting 
SINV infection of C6/36 and BHK-21 cells (Hernandez et al., 2001, Hunt et al., 2011). The 
slight but significant inhibitory effect of these drugs in the pretreatment group in our studies 
can be explained by the fact that the concentration of the drugs used in our studies was higher 
than those in the previous studies (Hernandez et al., 2001, Hunt et al., 2011). Our data also 
support previous reports indicating that a low pH in endosomes is required for infection of 
other alphaviruses such as SFV and CHIKV into vertebrate cells (Helenius et al., 1980, 
Bernard et al., 2010). These data also support the concept that pH decline during endosome 
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maturation is critical for the process of phagocytosis of microbes by phagocytic mosquito 
cells.  
Actin and microtubules are the major components of the cytoskeletal network within 
the cell and are involved in a variety of cellular functions including pseudopodia formation 
and trafficking of the vesicles in the cell. We demonstrate here that SINV needs both actin 
and microtubule polymerization in the cell to establish infection. Actin polymerization 
appears to be important during the early entry process (immediately and up to 30 min post-
exposure) and microtubules are required later in the process for virus entry and establishment 
(30 min, 1 hr and 2 hr post-exposure). Cytoskeletal-filament polymerization is an important 
attribute of virus endocytosis. For instance, both actin and microtubules are important for 
CHIKV infection in mammalian epithelial cells (Bernard et al., 2010). Microtubules, but not 
actin filaments, are important for WNV entry into C6/36 cells (Chu et al., 2006), but the 
opposite was true for DENV entry into these cells (Acosta et al., 2008). It should be noted 
that the inhibitor concentration was the same for virus entry and phagocytosis assays in our 
studies, and was dictated by a previous study of WNV entry into C6/36 cells (Chu et al., 
2006). We observed that for the phagocytosis process, it was essential that the cells kept both 
their actin and microtubule framework intact. However, actin polymerization is more 
important for phagocytosis than for virus entry in these cells. This is understandable,  
because for the phagocytosis process, actin polymerization is key for not only the pathogen 
to enter the cell by either the ‘zipper’ or ‘trigger’ mechanisms, but also for vesicular 
movement within the cell post-internalization (see Borges et al., 2008). In An. gambiae, 
CED5 and CED6 pathways regulate phagocytosis of Gram-positive and Gram-negative 
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bacteria (Moita et al., 2005). Homologues for these genes are known to mediate cytoskeletal 
rearrangements in Caenorhabditis elegans (Ellis et al., 1991, Hedgecock et al., 1983).  
Phosphorylation reactions of various kinases govern the signaling events that regulate 
endocytic trafficking in cells, the key cellular machinery used by several viruses and other 
pathogens to enter host cells. The most studied kinase pathways include the PI3 kinase and 
protein kinase C cascades, both of which get activated by receptor tyrosine kinases. These 
cascades have been implicated in the internalization of viruses, including adenoviruses, 
rhabdoviruses, herpesviruses and influenza virus (Li et al., 1998, Constantinescu et al., 1991, 
Sieczkarski et al., 2003a) as well as mosquito midgut interactions with Plasmodium parasites 
(Akman-Anderson et al., 2007). Integrin-mediated signaling cascade activate FAK which in 
turn activates MAPK or MAPK kinase (MKK) pathways. MAPK is involved in activating 
the extracellular signal-regulated kinase (ERK) and MKK activates JNK. In vertebrates, ERK 
is activated under the influence of growth factors, whereas JNK is activated under oxidative 
stress or in the presence of pro-inflammatory cytokines (Kim et al., 2010). However, most of 
these studies are done in mammalian cells and, in the context of arboviruses, little is known 
with respect to the role of signaling cascades in virus internalization processes. WNV uses 
the JNK, but not ERK, pathway to enter the C6/36 cells (Chu et al., 2006). DENV has been 
shown to elicit Janus kinase (JAK) – signal transducer and activator of transcription (STAT) 
signaling cascade as a response to virus infection in the midguts of Ae. aegypti (Souza-Neto 
et al., 2009). In the silkworm Bombyx mori, activation of the MAPK pathways, both the 
ERK, and the JNK pathways, are important for nucleopolyhedrovirus infection (Katsuma et 
al., 2007). In our studies, genistein was used to inhibit the upstream FAK activation and 
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SP600125 was used to inhibit phosphorylation of JNK. SINV infection in C6/36 cells was 
slightly, albeit significantly, inhibited by genistein but not SP600125, indicating that the 
FAK pathway is involved in virus entry whereas the JNK pathway is not. Therefore, the virus 
must use the ERK pathway downstream of FAK to enter these cells. Additionally, these data 
indicate that flaviviruses and alphaviruses use different signaling events to enter insect cells. 
 In contrast to virus entry, bead phagocytosis seemed to be dependent on JNK 
activation. Both genistein and SP600125 are effective at inhibiting phagocytosis in these 
cells, and SP600125 showed greater inhibition at 1 hr and 2 hr post bead-challenge. These 
data support previous studies where the JNK cascade was shown to be an active component 
of the phagocytosis process in these cells (Mizutani et al., 2003). The JNK pathway has been 
reported to regulate genes involved in cytoskeletal rearrangement following 
lipopolysaccharide (LPS) exposure to Drosophila cells in culture (Boutros et al., 2002). 
Moreover, genes involved in the JNK cascade were shown to be up-regulated in circulating 
Drosophila hemocytes following bacterial infection (Irving et al., 2005). Furthermore, the 
JNK pathway was shown to be essential for the Immune deficiency (Imd)-mediated response 
to E. coli in a Drosophila hemocyte-like cell line (Kallio et al., 2005). In hemocytes of the 
Medfly Ceratitis capitata, the JNK pathway was activated in insects exposed to 
LPS/E. coli/latex beads (Lamprou et al., 2005). Along with these studies, our data suggest 
that MAPK induced ERK and JNK signaling cascades play an important role in the context 
of both virus uptake and phagocytosis in invertebrate hemocytes as is the case with 
mammalian macrophages. 
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 Because chlorpromazine was the most effective inhibitor for virus infection in cell 
culture in our experiments, we inoculated adult mosquitoes with both chlorpromazine and 
SINV and monitored hemocyte infection and virus dissemination. Hemocytes exhibited 
decreased virus infection in the presence of the inhibitor, notably more so in the group of 
mosquitoes that were injected with the drug 6 hr prior to virus exposure. These findings 
further support the in vitro results that chlorpromazine is effective in restricting virus entry 
into cells by inhibiting the clathrin-mediated endocytosis pathway. A similar inhibitory effect 
was seen in salivary glands and head tissues of the mosquitoes injected with the drug. For 
arboviral dissemination to secondary tissues, such as the heads and salivary glands, of 
mosquitoes, it is speculated that the virus needs a site to replicate and reach a certain 
threshold of titer, and that hemolymph might play a role in this amplification (Hardy et al., 
1983). The diminished infection of heads and salivary glands in chlorpromazine injected 
mosquitoes implies the role of hemocytes in amplifying the virus enough so as to facilitate its 
dissemination to other tissues, overcoming the threshold of virus titer needed to infect these 
tissues. 
 Taken together these data provide valuable insights into the mechanisms of pathogen 
interaction with insect cells. Using pharmacological inhibitors, we show here that in a single 
cell-line, clathrin-mediated endocytosis is involved in virus entry, but particle uptake is more 
significantly driven by the signaling cascades that drive vesicle trafficking via cytoskeletal 
polymerization in phagocytic cells. However, further analysis of these interactions is 
necessary to unravel the distinct pathways and proteins that might be involved with these 
processes. We are just beginning to understand the roles of molecules such as Rab5, Rab7, 
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CED5 and CED6 involved in endocytosis and phagocytosis processes in insects, and how 
these systems are conserved across diverse systems from C. elegans to mammals 
(Bohdanowicz et al., 2010, Neukomm et al., 2011, Blandin et al., 2007).   
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Fig. 4.1. The effect of inhibition of clathrin-mediated endocytosis in SINV entry (A, B) and 
bead phagocytosis (C, D) in C6/36 cells. 5 µg/ml chlorpromazine and 0.3 M sucrose were 
used to inhibit clathrin-mediated endocytosis prior to virus ((-) 1hr) or bead exposure ((-) 30 
min), and at different times post-exposure. Both inhibitors were effective in inhibiting SINV 
entry (A, B) at all time points tested. Chlorpromazine was effective in inhibiting bead 
phagocytosis at all times tested (C) but sucrose was effective in inhibiting bead phagocytosis 
only up to 30 min post-exposure (D). Data presented are cumulative of three separate 
experiments with two samples in each experiment for each time point (***: p<0.0005, **: 
p<0.005, *: p<0.05, Two tailed Student’s t-test with unequal variances). 
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Fig. 4.2. Effect of using endocytosis inhibitors on SINV entry into C6/36 cells. Images are 
shown in pairs of phase-contrast and fluorescent micrographs. Control cells were exposed to 
virus similar to the treatment groups, but were not treated with any inhibitor. The remaining 
pictures represent the pretreatment ((-) 1 hr) group of the different inhibitors, as indicated. 
Chlorpromazine (5 µg/ml) was used to inhibit clathrin-mediated endocytosis, 40 µM 
SP600125 was used to inhibit the JNK pathway, 20 mM NH4Cl was used to increase the pH 
of acidic compartments and 1 µg/ml cytochalasin was used to inhibit actin polymerization in 
C6/36 cells. GFP expression was used a measure of virus infection in cells. Images are 
representative of three separate experiments. All phase-contrast and fluorescent images were 
taken at 100X magnification. Scale bar = 100 µm. 
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Fig. 4.3.  Effect of using pharmacological inhibitors on latex bead uptake by C6/36 cells. 
Images are shown in pairs of phase-contrast and fluorescent micrographs. Control cells were 
exposed to latex beads similar to the treatment groups, but were not treated with inhibitors. 
The remaining images show cells pretreated (at (-) 30 min) with different inhibitors as 
indicated, before bead exposure. Chlorpromazine (5 µg/ml) was used to inhibit clathrin-
mediated endocytosis, 40 µM SP600125 was used to inhibit the JNK pathway, 20 µM 
bafilomycin was used to increase the pH of acidic compartments and 1 µg/ml cytochalasin 
was used to inhibit actin polymerization in C6/36 cells. Images are representative of three 
separate experiments. All phase and fluorescent images were taken at 100X. Scale bar = 100 
µm. 
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Fig. 4.4. The effect of increasing pH in acidic compartments on SINV entry (A, B) and bead 
phagocytosis (C, D) in C6/36 cells. 20 mM NH4Cl and 20 µM bafilomycin A1 were used to 
increase pH in the acidic compartments of C6/36 cells. Ammonium chloride (A) and 
bafilomycin (B) were most effective in inhibiting SINV entry into cells, when treated at 30 
min post virus exposure, with decreased virus infection also seen in the pretreatment ((-) 1 
hr) and at 1 hr post exposure (A, B). However, they were more effective in inhibiting bead 
phagocytosis in the pretreatment ((-) 30 min) as well as post-treatment (30 min and 1 hr) 
groups (C, D). Data presented are cumulative of three separate experiments with two samples 
in each experiment for each time point (***: p<0.0005, **: p<0.005, *: p<0.05, Two tailed 
Student’s t-test with unequal variances). 
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Fig. 4.5. The effect of disrupting the cytoskeletal network on SINV entry (A, B) and bead 
phagocytosis (C, D) in C6/36 cells. 1 µg/ml cytochalasin D and 10 µM nocodazole were 
used to inhibit actin and microtubule polymerization respectively, in C6/36 cells. Both 
cytochalasin and nocodazole inhibited SINV entry into cells slightly but significantly, 
cytochalasin at the earlier time points (A) and nocodazole at later time points (B) in the 
assay. Cytochalasin was effective in significantly inhibiting bead phagocytosis at all the time 
points tested, before and after bead-exposure (C). Nocodazole inhibited bead phagocytosis 
immediately ((-) 30 min) and at 30 min and 1 hr post bead exposure (D). Data presented are 
cumulative of three separate experiments with two samples in each experiment for each time 
point (***: p<0.0005, **: p<0.005, *: p<0.05, Two tailed Student’s t-test with unequal 
variances). 
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Fig. 4.6. The effect of inhibiting cell-signaling events on SINV entry (A, B) and bead 
phagocytosis (C, D) in C6/36 cells. 40 µM SP600125 and 60 µM genistein were used to 
inhibit the JNK pathway and the FAK pathway respectively, in C6/36 cells. SP600125 had 
no effect on SINV entry into cells, except at 1 hr post virus exposure (A). Genistein showed 
slight but significant effect on virus entry into cells at later time points in the assay (B). 
SP600125 significantly inhibited bead uptake into C6/36 cells at all the time points tested 
(C). Genistein shows inhibitory effect on the phagocytosis process in the early time points of 
(-) 30 min and 30 min post-exposure as well as 1 hr post bead exposure, in the assay (D). 
Data presented are cumulative of three separate experiments with two samples in each 
experiment for each time point (***: p<0.0005, **: p<0.005, *: p<0.05, Two tailed Student’s 
t-test with unequal variances). 
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Fig. 4.7. SINV infection in vivo, in hemocytes from mosquitoes injected with 
chlorpromazine. Chlorpromazine was injected into Ae. aegypti mosquitoes to inhibit the 
clathrin-mediated endocytosis pathway. The two groups of chlorpromazine treated 
mosquitoes, (1) concurrent to virus infections,  [SINV+Chlor] injected and (2) The pre 
chlorpromazine injected mosquitoes that were injected at 6 hr with virus,  Pre-Chlor 
injected SINV, showed fewer virus-infected hemocytes over time as compared to virus only  
 SINV control. Hemocyte infection with SINV was significantly lower in the 
[SINV+Chlor] injected mosquitoes at 1 dpi, 2 dpi, 3 dpi (p<0.001) (two-tailed Student’s t-
test, assuming unequal variances) and 4 dpi (p<0.01) as compared to SINV only controls. 
Hemocyte infection with SINV was significantly lower in the mosquitoes that were pre-
injected with chlorpromazine before a second injection of SINV (Pre-Chlor injected SINV) at 
all times post-injection (p<0.001). For each experiment, five mosquitoes were perfused at 
each time point for each group of mosquitoes. Data presented here are cumulative from three 
separate cohorts of mosquitoes.   
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Fig. 4.8. SINV infection in vivo, in heads (A) and salivary glands (B) of mosquitoes injected 
with chlorpromazine, an inhibitor used against the clathrin-mediated endocytosis pathway. 
The two groups of chlorpromazine treated mosquitoes, (1) concurrent with virus infections, 
 [SINV+Chlor] injected and (2) The pre chlorpromazine injected mosquitoes that were 
injected 6 hr later with virus,  Pre-Chlor injected SINV, showed lower infection of head 
(A) and salivary gland tissues (B) as compared to tissues from the virus only SINV control 
mosquitoes, for at least up to 4 dpi in [SINV+Chlor] injected mosquitoes and as long as 5 dpi 
in Pre-Chlor injected SINV mosquitoes. Tissues were dissected from five mosquitoes per 
time point, per group, and tested for virus infection by checking GFP expression, for each 
experiment. Data presented are cumulative from three separate cohorts of mosquitoes. 
  
99 
 
REFERENCES 
 
 
Acosta, E.G., Castilla, V. and Damonte, E.B. (2008). Functional entry of dengue virus into 
Aedes albopictus mosquito cells is dependent on clathrin-mediated endocytosis. J 
Gen Virol 89, 474-484. 
Akman-Anderson, L., Olivier, M. and Luckhart, S. (2007). Induction of nitric oxide synthase 
and activation of signaling proteins in Anopheles mosquitoes by the malaria pigment, 
hemozoin. Infect Immun 75, 4012-4019. 
Bartholomay, L.C., Cho, W.L., Rocheleau, T.A., Boyle, J.P., Beck, E.T., Fuchs, J.F., et al. 
(2004a). Description of the transcriptomes of immune response-activated hemocytes 
from the mosquito vectors Aedes aegypti and Armigeres subalbatus. Infect Immun 72, 
4114-4126. 
Bartholomay, L.C., Fuchs, J.F., Cheng, L.L., Beck, E.T., Vizioli, J., Lowenberger, C. and 
Christensen, B.M. (2004b). Reassessing the role of defensin in the innate immune 
response of the mosquito, Aedes aegypti. Insect Mol Biol 13, 125-132. 
Bartholomay, L.C., Mayhew, G.F., Fuchs, J.F., Rocheleau, T.A., Erickson, S.M., Aliota, 
M.T. and Christensen, B.M. (2007). Profiling infection responses in the haemocytes 
of the mosquito, Aedes aegypti. Insect Mol Biol 16, 761-776. 
Baton, L.A., Robertson, A., Warr, E., Strand, M.R. and Dimopoulos, G. (2009). Genome-
wide transcriptomic profiling of Anopheles gambiae hemocytes reveals pathogen-
specific signatures upon bacterial challenge and Plasmodium berghei infection. BMC 
Genomics 10, 257. 
Beerntsen, B.T. and Christensen, B.M. (1990). Dirofilaria immitis: effect on hemolymph 
polypeptide synthesis in Aedes aegypti during melanotic encapsulation reactions 
against microfilariae. Exp Parasitol 71, 406-414. 
Bernard, E., Solignat, M., Gay, B., Chazal, N., Higgs, S., Devaux, C. and Briant, L. (2010). 
Endocytosis of chikungunya virus into mammalian cells: role of clathrin and early 
endosomal compartments. PLoS One 5, e11479. 
Blandin, S.A. and Levashina, E.A. (2007). Phagocytosis in mosquito immune responses. 
Immunol Rev 219, 8-16. 
Bohdanowicz, M. and Grinstein, S. (2010). Vesicular traffic: a Rab SANDwich. Curr Biol 
20, R311-314. 
Borges, A.R., Santos, P.N., Furtado, A.F. and Figueiredo, R.C. (2008). Phagocytosis of latex 
beads and bacteria by hemocytes of the triatomine bug Rhodnius prolixus (Hemiptera: 
Reduvidae). Micron 39, 486-494. 
Boutros, M., Agaisse, H. and Perrimon, N. (2002). Sequential activation of signaling 
pathways during innate immune responses in Drosophila. Dev Cell 3, 711-722. 
Brackney, D.E., Scott, J.C., Sagawa, F., Woodward, J.E., Miller, N.A., Schilkey, F.D., et al. 
(2010). C6/36 Aedes albopictus cells have a dysfunctional antiviral RNA interference 
response. PLoS Negl Trop Dis 4, e856. 
Castillo, J.C., Robertson, A.E. and Strand, M.R. (2006). Characterization of hemocytes from 
the mosquitoes Anopheles gambiae and Aedes aegypti. Insect Biochem Mol Biol 36, 
891-903. 
100 
 
Chu, J.J., Leong, P.W. and Ng, M.L. (2006). Analysis of the endocytic pathway mediating 
the infectious entry of mosquito-borne flavivirus West Nile into Aedes albopictus 
mosquito (C6/36) cells. Virology 349, 463-475. 
Chu, J.J. and Ng, M.L. (2004). Infectious entry of West Nile virus occurs through a clathrin-
mediated endocytic pathway. J Virol 78, 10543-10555. 
Constantinescu, S.N., Cernescu, C.D. and Popescu, L.M. (1991). Effects of protein kinase C 
inhibitors on viral entry and infectivity. FEBS Lett 292, 31-33. 
Da Silva, J.B., De Albuquerque, C.M., De Araujo, E.C., Peixoto, C.A. and Hurd, H. (2000). 
Immune defense mechanisms of Culex quinquefasciatus (Diptera: Culicidae) against 
Candida albicans infection. J Invertebr Pathol 76, 257-262. 
DeTulleo, L. and Kirchhausen, T. (1998). The clathrin endocytic pathway in viral infection. 
EMBO J 17, 4585-4593. 
Dong, Y., Taylor, H.E. and Dimopoulos, G. (2006). AgDscam, a hypervariable 
immunoglobulin domain-containing receptor of the Anopheles gambiae innate 
immune system. PLoS Biol 4, e229. 
Ellis, R.E., Jacobson, D.M. and Horvitz, H.R. (1991). Genes required for the engulfment of 
cell corpses during programmed cell death in Caenorhabditis elegans. Genetics 129, 
79-94. 
Fan, D.P. and Sefton, B.M. (1978). The entry into host cells of Sindbis virus, vesicular 
stomatitis virus and Sendai virus. Cell 15, 985-992. 
Foy, B.D., Myles, K.M., Pierro, D.J., Sanchez-Vargas, I., Uhlirova, M., Jindra, M., et al. 
(2004). Development of a new Sindbis virus transducing system and its 
characterization in three Culicine mosquitoes and two Lepidopteran species. Insect 
Mol Biol 13, 89-100. 
Froshauer, S., Kartenbeck, J. and Helenius, A. (1988). Alphavirus RNA replicase is located 
on the cytoplasmic surface of endosomes and lysosomes. J Cell Biol 107, 2075-2086. 
Hardy, J.L., Houk, E.J., Kramer, L.D. and Reeves, W.C. (1983). Intrinsic factors affecting 
vector competence of mosquitoes for arboviruses. Annu Rev Entomol 28, 229-262. 
Hayes, R.O. (1953). Determination of a physiological saline solution for Aedes aegypti (L). 
Journal of Economic Entomology 46, 624-627. 
Hedgecock, E.M., Sulston, J.E. and Thomson, J.N. (1983). Mutations affecting programmed 
cell deaths in the nematode Caenorhabditis elegans. Science 220, 1277-1279. 
Helenius, A., Kartenbeck, J., Simons, K. and Fries, E. (1980). On the entry of Semliki forest 
virus into BHK-21 cells. J Cell Biol 84, 404-420. 
Hernandez, R., Luo, T. and Brown, D.T. (2001). Exposure to low pH is not required for 
penetration of mosquito cells by Sindbis virus. J Virol 75, 2010-2013. 
Hillyer, J.F., Barreau, C. and Vernick, K.D. (2007). Efficiency of salivary gland invasion by 
malaria sporozoites is controlled by rapid sporozoite destruction in the mosquito 
haemocoel. Int J Parasitol 37, 673-681. 
Hillyer, J.F. and Christensen, B.M. (2002). Characterization of hemocytes from the yellow 
fever mosquito, Aedes aegypti. Histochem Cell Biol 117, 431-440. 
Hillyer, J.F., Schmidt, S.L. and Christensen, B.M. (2003a). Hemocyte-mediated phagocytosis 
and melanization in the mosquito Armigeres subalbatus following immune challenge 
by bacteria. Cell Tissue Res 313, 117-127. 
101 
 
Hillyer, J.F., Schmidt, S.L. and Christensen, B.M. (2003b). Rapid phagocytosis and 
melanization of bacteria and Plasmodium sporozoites by hemocytes of the mosquito 
Aedes aegypti. J Parasitol 89, 62-69. 
Hillyer, J.F., Schmidt, S.L. and Christensen, B.M. (2004). The antibacterial innate immune 
response by the mosquito Aedes aegypti is mediated by hemocytes and independent 
of Gram type and pathogenicity. Microbes Infect 6, 448-459. 
Hillyer, J.F., Schmidt, S.L., Fuchs, J.F., Boyle, J.P. and Christensen, B.M. (2005). Age-
associated mortality in immune challenged mosquitoes (Aedes aegypti) correlates 
with a decrease in haemocyte numbers. Cell Microbiol 7, 39-51. 
Huang, G., Shi, L.Z. and Chi, H. (2009). Regulation of JNK and p38 MAPK in the immune 
system: signal integration, propagation and termination. Cytokine 48, 161-169. 
Hunt, S.R., Hernandez, R. and Brown, D.T. (2011). Role of the Vacuolar-ATPase in Sindbis 
Virus Infection. J Virol 85, 1257-1266. 
Igarashi, A. (1978). Isolation of a Singh's Aedes albopictus cell clone sensitive to Dengue 
and Chikungunya viruses. J Gen Virol 40, 531-544. 
Irving, P., Ubeda, J.M., Doucet, D., Troxler, L., Lagueux, M., Zachary, D., et al. (2005). 
New insights into Drosophila larval haemocyte functions through genome-wide 
analysis. Cell Microbiol 7, 335-350. 
Kallio, J., Leinonen, A., Ulvila, J., Valanne, S., Ezekowitz, R.A. and Ramet, M. (2005). 
Functional analysis of immune response genes in Drosophila identifies JNK pathway 
as a regulator of antimicrobial peptide gene expression in S2 cells. Microbes Infect 7, 
811-819. 
Katsuma, S., Mita, K. and Shimada, T. (2007). ERK- and JNK-dependent signaling pathways 
contribute to Bombyx mori nucleopolyhedrovirus infection. Journal of virology 81, 
13700-13709. 
Kim, E.K. and Choi, E.J. (2010). Pathological roles of MAPK signaling pathways in human 
diseases. Biochim Biophys Acta 1802, 396-405. 
Lamprou, I., Mamali, I., Dallas, K., Fertakis, V., Lampropoulou, M. and Marmaras, V.J. 
(2007). Distinct signalling pathways promote phagocytosis of bacteria, latex beads 
and lipopolysaccharide in medfly haemocytes. Immunology 121, 314-327. 
Lamprou, I., Tsakas, S., Theodorou, G.L., Karakantza, M., Lampropoulou, M. and 
Marmaras, V.J. (2005). Uptake of LPS/E. coli/latex beads via distinct signalling 
pathways in medfly hemocytes: the role of MAP kinases activation and protein 
secretion. Biochim Biophys Acta 1744, 1-10. 
Levashina, E.A., Moita, L.F., Blandin, S., Vriend, G., Lagueux, M. and Kafatos, F.C. (2001). 
Conserved role of a complement-like protein in phagocytosis revealed by dsRNA 
knockout in cultured cells of the mosquito, Anopheles gambiae. Cell 104, 709-718. 
Li, E., Stupack, D., Klemke, R., Cheresh, D.A. and Nemerow, G.R. (1998). Adenovirus 
endocytosis via alpha(v) integrins requires phosphoinositide-3-OH kinase. J Virol 72, 
2055-2061. 
Mizutani, T., Kobayashi, M., Eshita, Y., Shirato, K., Kimura, T., Ako, Y., et al. (2003). 
Involvement of the JNK-like protein of the Aedes albopictus mosquito cell line, 
C6/36, in phagocytosis, endocytosis and infection of West Nile virus. Insect Mol Biol 
12, 491-499. 
102 
 
Moita, L.F., Wang-Sattler, R., Michel, K., Zimmermann, T., Blandin, S., Levashina, E.A. 
and Kafatos, F.C. (2005). In vivo identification of novel regulators and conserved 
pathways of phagocytosis in A. gambiae. Immunity 23, 65-73. 
Mosso, C., Galvan-Mendoza, I.J., Ludert, J.E. and del Angel, R.M. (2008). Endocytic 
pathway followed by dengue virus to infect the mosquito cell line C6/36 HT. 
Virology 378, 193-199. 
Nawa, M. (1998). Effects of bafilomycin A1 on Japanese encephalitis virus in C6/36 
mosquito cells. Arch Virol 143, 1555-1568. 
Neukomm, L.J., Frei, A.P., Cabello, J., Kinchen, J.M., Zaidel-Bar, R., Ma, Z., et al. (2011). 
Loss of the RhoGAP SRGP-1 promotes the clearance of dead and injured cells in 
Caenorhabditis elegans. Nat Cell Biol 13, 79-86. 
Olson, K.E., Higgs, S., Gaines, P.J., Powers, A.M., Davis, B.S., Kamrud, K.I., et al. (1996). 
Genetically engineered resistance to dengue-2 virus transmission in mosquitoes. 
Science 272, 884-886. 
Olson, K.E., Myles, K.M., Seabaugh, R.C., Higgs, S., Carlson, J.O. and Beaty, B.J. (2000). 
Development of a Sindbis virus expression system that efficiently expresses green 
fluorescent protein in midguts of Aedes aegypti following per os infection. Insect Mol 
Biol 9, 57-65. 
Parikh, G.R., Oliver, J.D. and Bartholomay, L.C. (2009). A haemocyte tropism for an 
arbovirus. J Gen Virol 90, 292-296. 
Pierro, D.J., Myles, K.M., Foy, B.D., Beaty, B.J. and Olson, K.E. (2003). Development of an 
orally infectious Sindbis virus transducing system that efficiently disseminates and 
expresses green fluorescent protein in Aedes aegypti. Insect Mol Biol 12, 107-116. 
Pierro, D.J., Powers, E.L. and Olson, K.E. (2007). Genetic determinants of Sindbis virus 
strain TR339 affecting midgut infection in the mosquito Aedes aegypti. J Gen Virol 
88, 1545-1554. 
Pinto, S.B., Lombardo, F., Koutsos, A.C., Waterhouse, R.M., McKay, K., An, C., et al. 
(2009). Discovery of Plasmodium modulators by genome-wide analysis of circulating 
hemocytes in Anopheles gambiae. Proc Natl Acad Sci U S A 106, 21270-21275. 
Powers, A.M. (2010). Chikungunya. Clin Lab Med 30, 209-219. 
Powers, A.M., Kamrud, K.I., Olson, K.E., Higgs, S., Carlson, J.O. and Beaty, B.J. (1996). 
Molecularly engineered resistance to California serogroup virus replication in 
mosquito cells and mosquitoes. Proc Natl Acad Sci U S A 93, 4187-4191. 
Schwartz, O. and Albert, M.L. (2010). Biology and pathogenesis of chikungunya virus. Nat 
Rev Microbiol 8, 491-500. 
Scott, J.C., Brackney, D.E., Campbell, C.L., Bondu-Hawkins, V., Hjelle, B., Ebel, G.D., et 
al. (2010). Comparison of dengue virus type 2-specific small RNAs from RNA 
interference-competent and -incompetent mosquito cells. PLoS Negl Trop Dis 4, 
e848. 
Sieczkarski, S.B., Brown, H.A. and Whittaker, G.R. (2003a). Role of protein kinase C betaII 
in influenza virus entry via late endosomes. J Virol 77, 460-469. 
Sieczkarski, S.B. and Whittaker, G.R. (2002). Dissecting virus entry via endocytosis. J Gen 
Virol 83, 1535-1545. 
Sieczkarski, S.B. and Whittaker, G.R. (2003b). Differential requirements of Rab5 and Rab7 
for endocytosis of influenza and other enveloped viruses. Traffic 4, 333-343. 
103 
 
Sieczkarski, S.B. and Whittaker, G.R. (2005). Characterization of the host cell entry of 
filamentous influenza virus. Arch Virol 150, 1783-1796. 
Souza-Neto, J.A., Sim, S. and Dimopoulos, G. (2009). An evolutionary conserved function 
of the JAK-STAT pathway in anti-dengue defense. Proc Natl Acad Sci U S A 106, 
17841-17846. 
Stuart, L.M. and Ezekowitz, R.A. (2008). Phagocytosis and comparative innate immunity: 
learning on the fly. Nat Rev Immunol 8, 131-141. 
Veiga, E. and Cossart, P. (2006). The role of clathrin-dependent endocytosis in bacterial 
internalization. Trends Cell Biol 16, 499-504. 
WHO (2010) World Malaria Report 2010. World Health Organization. 
 
 
 
 
 
 
104 
 
CHAPTER 5 
A NOVEL PROTEIN ESSENTIAL FOR PHAGOCYTOCYTIC 
DEGRADATION OF E. coli IN THE MOSQUITO Ae. aegypti 
A paper to be submitted to Cellular Microbiology 
 
Grishma R. Parikh and Lyric C. Bartholomay 
 
ABSTRACT 
Hemocytes or blood cells in insects are crucial to innate immune responses such as 
phagocytosis and melanization. In mosquitoes, the phagocytic capacity is attributed to the 
granulocyte sub-population of hemocytes which are characterized by their adhesive nature, 
and are the most abundant hemocyte type. Phagocytosis of microbes is the first line of 
defense in mosquitoes and is involved in surveillance and the clearing of invading bacteria 
and fungi. Molecular mechanisms of phagocytosis in vertebrates are well characterized, but 
we are just beginning to learn the key players involved in this process in insects. Here we 
describe the Kill me now protein (KMNP), a novel member of the phagocytic machinery in 
the mosquito Aedes aegypti. Protein motif analysis of KMNP showed the presence of a 
‘prokaryotic membrane lipoprotein lipid attachment site’ and four transmembrane domains. 
KMNP transcripts were more abundant in adult female mosquitoes as compared to juvenile 
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stages and adult males, and were most evident in hemocytes and fat body tissues. KMNP 
activity was found to be specific for clearing the Gram-negative bacterium, Escherichia coli 
from the hemocytes, post-phagocytosis. Clearing of Gram-negative Micrococcus luteus and 
amplification of Sindbis virus in hemocytes was not affected by the presence of KMNP.  
5.1 INTRODUCTION 
Analogous to vertebrate lymphocytes, insect blood cells or hemocytes play a key role 
in immunity. In mosquitoes, hemocytes are involved in phagocytosis of bacteria, yeast and 
Plasmodium sporozoites (Hernandez-Martinez et al., 2002, Hillyer et al., 2003a, Hillyer et 
al., 2003b), and in melanization and encapsulation of nematodes, Plasmodium sporozoites 
and bacteria (Christensen et al., 1986, Hillyer et al., 2003a, Infanger et al., 2004, Michel et 
al., 2006). Hemocytes are also involved in production of anti-microbial peptides in 
coordination with the fat body (Lavine et al., 2002, Bartholomay et al., 2004b, Hillyer et al., 
2005a, Lavine et al., 2005).  Recently, hemocytes have been shown to be infected with 
viruses as well (Parikh et al., 2009). These studies indicate that mosquito hemocytes interact 
with a diverse array of pathogens.  
Cellular immune responses like phagocytosis are an important line of defense when 
an insect is exposed to a large number of pathogens, and they work in conjunction with a 
wide array of humoral factors present in the hemolymph (Bartholomay et al., 2004b, Haine et 
al., 2008, Lavine et al., 2002, Strand, 2008). But the role of cellular immunity is not as well 
studied as humoral immunity in insects. In Aedes aegypti and Anopheles gambiae, the adult 
mosquito lacks a hematopoietic organ and has fewer than 2,000 hemocytes, most of which 
adhere to abdominal internal organs (Castillo et al., 2006, Hillyer et al., 2002). This, along 
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with the short survival time of hemocytes ex vivo has made studying hemocytes and 
molecular mechanisms associated with their effector responses, like phagocytosis, difficult.  
Numerous studies have been done to understand the molecular response of hemocytes 
to a variety of pathogens or insults at the transcriptome level (Bartholomay et al., 2004a, 
Bartholomay et al., 2007, Baton et al., 2009, Pinto et al., 2009). Data from these 
transcriptome studies provide useful insight into genes that are responsible for interaction 
with the pathogen at the hemocyte (tissue-specific) and/or systemic level.   But, these data 
also suggest that there are a substantial number of genes that take part in immunity whose 
functions are yet unknown; in some studies these contribute to more than half of the genes 
with altered expression post-infection. Understanding the physiological roles of these 
“unknown genes” would greatly benefit our understanding of the insect innate immune 
capacity.  
Molecules involved in the phagocytosis process, specifically in opsonization and 
recognition of pathogens in mosquitoes, have been identified and characterized. Moita et al., 
(2005b) discerned the role of several proteins involved in two separate phagocytic pathways 
that they propose in the mosquito An. gambiae. Levashina et al., (2001) discovered that the 
thioester-containing protein 1 acted as an opsonin, and was involved in phagocytosis of 
Gram-negative but not Gram-positive bacteria. Recently, Pinto et al., (2009) identified two 
pan-specific hemocyte markers in naive An. gambiae: AGAP007314 and AGAP002267 via 
transcriptome analysis. Protein for these two genes was evident in 93.3% (AGAP007314) 
and 98.5% (AGAP002267) of circulating hemocytes. But these proteins were not assigned 
any function. The transcription of AAEL001328, an ortholog for AGAP007314 in Ae. aegypti, 
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also was noted in hemocytes of mosquitoes exposed to bacteria in a previous study 
(Bartholomay et al., 2004a). We suspected that AAEL001328 would have a physiological 
role in phagocytosis or bacterial clearance, because, it was expressed in >90% of circulating 
hemocytes (Pinto et al., 2009), and was shown to be up-regulated upon bacterial infection 
(Bartholomay et al., 2004a). We found no homologue for AGAP002267 in Ae. aegypti. In the 
study presented, we characterize and elucidate the role of AAEL001328, the product of 
which we named Kill me now protein (KMNP), in innate immunity of Ae. aegypti. Here we 
show that adult females exhibit elevated levels of KMNP transcript as compared to juvenile 
forms. This gene shows higher transcription in the fat body and hemocytes of mosquitoes as 
compared to other tissues and does not change in transcript abundance with exposure to 
bacteria. Also, transcription of this gene in hemolymph did not change according to the type 
of immune challenge to the mosquito. Using RNAi-mediated gene silencing tools, we 
demonstrate that KMNP is involved in clearing Gram-negative bacteria (like 
Escherichia coli), but not Gram-positive bacteria (Micrococcus luteus) post-phagocytosis in 
hemocytes of Ae. aegypti. Suppression of this gene does not appear to affect the 
amplification of Sindbis virus (SINV) in hemocytes of this mosquito. 
5.2 MATERIALS AND METHODS 
5.2.1 Mosquito rearing 
Ae. aegypti (Liverpool) larvae were reared in distilled water and fed ad libitum with a 
ground slurry of TetraMin® fish food (Tetra, Blacksburg, VA). Mosquitoes were maintained 
in an environmental chamber at 27°C ± 1°C and 70% ± 5% relative humidity with a 16:8-
hour (Light:Dark) photoperiod, and fed with a 10% sucrose solution (w/v) soaked cotton ball. 
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One to two-day-old adult females were used for injections because younger females have 
more circulating hemocytes in the hemocoel (Christensen et al., 1989, Hillyer et al., 2005b). 
5.2.2 Immune challenge and tissue collection for transcriptional analysis of hemocytes 
Green Fluorescent Protein (GFP) expressing Escherichia coli DH5α (Hillyer et al., 
2003a), and Micrococcus luteus were grown overnight in Luria Broth media in a shaking 
incubator at 37 °C. Mosquitoes were injected intrathoracically with ~45,000 – 50,000 E. coli 
or ~54,500 – 58,500 M. luteus in a volume of 0.25 μl per mosquito. To assess if KMNP 
transcription was dependent upon the presence of a pathogen or just any foreign particle, 
mosquitoes were injected with ~2, 200 carboxylate-modified fluorescent red latex beads 
(1μm diameter) (Sigma, St. Louis, MO) in a volume of 0.25 μl per mosquito. For functional 
analysis of KMNP in the context of virus infection in hemocytes (Parikh et al., 2009), a 
volume of 0.25 μl of 1x109 PFU/ml SINV TE/5’2J/GFP (see Pierro et al., 2007) was injected 
into each mosquito. Hemolymph for polymerase chain reaction (PCR) analysis was obtained 
at 24 hours post-injection, using a volume displacement method with TRIZOL® (Invitrogen, 
Carlsbad, CA) as the perfusate, injected through the cervical membrane of the mosquito. 
Hemolymph from a pool of 25 to 30 mosquitoes was used per sample. Each experiment was 
replicated with a minimum of 3 separate cohorts of mosquitoes. 
5.2.3 Sample collection for transcriptional profiling 
E. coli injections were performed as mentioned above. All tissues were collected at 
24 hours post-saline or –E. coli injections. Fat bodies were collected by dissecting abdomens 
from mosquitoes already perfused with TRIZOL® as stated above, and a pool of 10 fat bodies 
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was used per treatment. Additionally, fat bodies (10 per treatment), midguts (50 per 
treatment) and heads (20 per treatment) were dissected from mosquitoes that were not 
perfused.   
In order to investigate whether KMNP transcription was regulated in Ae. aegypti 
mosquitoes as they develop, five individuals each of fourth instar, pupae, adult males, adult 
females and blood fed adult females were collected. All samples were frozen at -80°C for 
RNA extraction. Total RNA was extracted from the samples using TRIZOL® according to 
the manufacturer’s instructions. Samples were collected from three separate cohorts of 
mosquitoes.  
5.2.4 Transcriptional profiling by RT-PCR 
cDNA was synthesized from 2 μg of RNA using ThermoScript™ RT-PCR System 
(Invitrogen) for each of the three experiments. Primers: 5’ GAG AAA GTG CAC ATA TCT 
CGA CCG C 3’ and 5’ GGG ATC AGA ATG ACG CTC CAA TCG 3’ were used to amplify 
a 454 nt fragment of the cDNA. Actin was used as an internal control for PCR amplification, 
and a 109 nt fragment of cDNA was amplified using primers 5’ CAT GTA CGT TGC CAT 
CCA AG 3’ and 5’ TTC GTA GAT TGG GAC GGT GT 3’. Products were loaded on a 1% 
agarose gel for electrophoresis and stained with ethidium bromide for analysis.  
5.2.5 RNAi induced gene suppression  
cDNA generated from fat bodies of bacteria-inoculated Ae. aegypti was used as a 
template for dsKMNP production. eGFP was PCR amplified from plasmids isolated from 
tetracycline-resistant GFP expressing E. coli DH5α used for immune challenge. LacZ was 
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PCR amplified from the plasmid pGEM T easy vector (Promega, Madison, WI) The primers 
used were: dsKMNP (forward):  5’ TAA TAC GAC TCA CTA TAG GGA GAA AGT GCA 
CAT ATC TCG ACC GC 3’, dsKMNP (reverse): 5’ TAA TAC GAC TCA CTA TAG GGA 
GAT CAG AAT GAC GCT CCA ATC G 3’, dseGFP (forward): 5’ TAA TAC GAC TCA 
CTA TAG GGA GAA TGG TGA GCA AGG GCG AGG AGC TGT 3’, dseGFP (reverse):  
5’ TAA TAC GAC TCA CTA TAG GGA GAT TAC TTG TAC AGC TCG TCC ATG CCG 
3’, dsLacZ (forward): 5’ TAA TAC GAC TCA CTA TAG GGA GAC GTA ATC ATG GTC 
ATA GCT G 3’ and dsLacZ (reverse): 5’ TAA TAC GAC TCA CTA TAG GGA GAT TCA 
TTA ATG CAG CTG GCA C 3’ . Underlined sequences indicate T7 promoter sequences 
used for dsRNA generation. PCR amplicons of length 492 bp, 766 bp and 227 bp were then 
used as templates to generate dsKMNP, dseGFP and dsLacZ respectively, using the 
MEGAscript® RNAi kit (Ambion, Austin, TX), according to the manufacturer’s instructions. 
RNA was quantified (A260), and size and integrity checked on a 1% agarose gel stained with 
ethidium bromide. RNA concentrations were adjusted to 5 μg/μl and samples stored at -20°C. 
A volume of 0.2 μl of dsRNA was injected intrathoracically per mosquito, resulting in the 
final dsRNA dose of 1 μg dsRNA per mosquito. Control (dseGFP/dsLacZ) and experimental 
(dsKMNP) dsRNA injected groups were kept in the insectary for 3 days. In agreement with 
previous studies (Souza-Neto et al., 2009, Moita et al., 2005a), we observed optimum gene 
suppression at the end of three days post-dsRNA injection (Fig. 5.1). A second injection of 
bacteria (E. coli or M. luteus) or SINV was given at 3 days post dsRNA injection to assess 
phenotypic effects of gene suppression on the associated immune response. 
5.2.6 Phagocytosis and virus infection assays 
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Ae. aegypti mosquitoes were injected with dsRNA, dseGFP or dsKMNP as 
mentioned above. At 3 days post-dsRNA-injection, bacteria were injected into 35-40 
mosquitoes each for control (dseGFP) and experimental (dsKMNP) groups. GFP expressing 
E. coli were grown overnight in Luria Broth media at 37°C. Ae. aegypti adult females were 
inoculated with this overnight grown culture, containing ~45,000 – 50,000 E. coli in a 
volume of 0.25 μl  per mosquito. To visualize phagocytosed M. luteus in hemocytes, bacteria 
were labeled with NHS-Rhodamine (Pierce, Rockford, IL) before inoculation. M. luteus were 
grown overnight in Luria Broth medium in a shaking incubator at 37°C, centrifuged and 30 
mg wet weight of bacteria was resuspended in 100 mM sodium bicarbonate. M. luteus were 
then incubated with 500 μg of NHS-Rhodamine in a volume of 75 μl for 45 min on a shaking 
incubator. Bacteria were then centrifuged and washed twice with Hank’s buffered salt 
solution and resuspended in 1 ml of phosphate buffered saline (pH 7.2). Ae. aegypti females 
were inoculated with these labeled bacteria, with a dose of ~54,500 – 58,500 M. luteus in a 
volume of 0.25 μl per mosquito. For assessing phenotypic effects of gene suppression on 
virus replication, Ae. aegypti females were injected with dsLacZ (control) or dsKMNP as 
mentioned above. At 3 days post dsRNA injection, 0.25 μl of 1x109 PFU/ml SINV 
TE/5’2J/GFP was injected in mosquitoes. Injected mosquitoes then were returned to the 
incubator. LacZ was used as control gene for virus replication assays because dseGFP 
suppressed virus transcript production in the hemocytes in SINV TE/5’2J/GFP injected 
mosquitoes. 
At time points of interest, mosquitoes were aspirated from the carton and cold-
immobilized for perfusion by methods described previously (Beerntsen et al., 1990). Briefly, 
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a tear was made on the last two abdominal segments of the cold-immobilized mosquito 
before placing it on a vacuum saddle. Mosquito hemolymph was then collected directly onto 
a slide by volume displacement using Aedes saline (Hayes, 1953) injected through the 
cervical membrane. Hemocytes were observed 15 minutes post-perfusion. For each time 
point tested, five mosquitoes were perfused, from the control as well as the experimental 
group. Numbers of hemocytes that indicated the presence of bacteria (E. coli or M. luteus) 
were counted for each perfused mosquito and phagocytic index calculated by dividing the 
number of cells that exhibited bacteria (presence of one or more bacteria in a hemocyte) by 
the total number of hemocytes observed per mosquito, and expressed as percentages. Similar 
calculations were done to evaluate the percentage of SINV TE/5’2J/GFP infected hemocytes 
per mosquito, by examining the presence of GFP expression in hemocytes. Each experiment 
was performed with 35 – 40 mosquitoes, for each of the control and experimental groups. 
Data presented are cumulative from at least three separate experiments.  
5.2.7 LysoTracker® assays 
For a subset of hemocyte samples, cells from KMNP-suppressed mosquitoes were 
subjected to LysoTracker® staining. Briefly, a drop of 75 nM LysoTracker® (Invitrogen) was 
added to hemolymph sample on a glass slide, incubated for 5 min and then observed.  Using 
this methodology, acidified lysosomes (pH~4 or lower) stain red. 
5.2.8 Microscopy 
Perfusate containing hemocytes was observed at 400X magnification using a Nikon 
Eclipse 50i fluorescence microscope (Melville, NY) under UV light (EXFO, Mississauga, 
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ON) equipped with a Hy-Q FITC or a Hy-Q TRITC filter set (Chroma, Rockingham, VT). 
Images were captured using a Digital Sight DS-2Mv camera and NIS Elements, version 2.3 
software (Nikon, Melville, NY). 
5.3 RESULTS 
5.3.1 mRNA and protein sequence analysis 
BLAST analyses of the KMNP, transcript sequence as well as predicted amino acid 
sequence using blastn, blastp, tblastn and blastx, revealed KMNP orthologs only in the 
mosquito species Aedes triseriatus, Armigeres subalbatus, Culex quinquefaciatus and 
An. gambiae, none of which were assigned any function. KMNP is a predicted 201 amino 
acid long protein in Ae. aegypti. SignalP analyses showed that KMNP did not code for any 
signal peptide suggesting that the protein is not secreted from the cell in which it is 
translated. Fig. 5.2 shows the various protein domains and motifs discovered in KMNP. 
TMHMM analyses of the deduced amino acid sequence reveal four potential transmembrane 
domains at amino acid positions 13 to 35, 78 to 100, 105 to 127 and 137 to 159. Additionally, 
both the N- and C-termini (amino acid positions 1 to 12 and 160 to 201, respectively) are 
predicted to be located within the cytoplasm (i.e. inside the cell). Interestingly, protein motif 
scan from PROSITE analyses revealed a potential ‘prokaryotic membrane lipoprotein lipid 
attachment site’ at the N-terminus (amino acid sequence 1 to 25) of the protein. Other 
interesting motifs discovered in the KMNP protein sequence include: an endoplasmic 
reticulum targeting motif (75% probability, amino acid sequence 174 to 177), an integrin 
adhesion motif (66.7% probability, amino acid sequence 177 to 179) and two glycosylation 
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sites – a C-mannosylation site (75% probability, amino acid sequence 85 to 88) and a N-
linked glycosylation site (66.7% probability, amino acid sequence 4 to 6).   
5.3.2 Transcription of KMNP in various life stages of Ae. aegypti 
Adult and juvenile stages of Ae. aegypti were tested for KMNP transcript production 
using KMNP-specific primers. Transcript levels for KMNP were observed to be higher in 
adult females – both unfed and blood fed, as compared to juvenile stages – larvae and pupae, 
as well as adult males (Fig. 5.3 (A)).  Transcripts were detected in all samples tested. 
5.3.3 Transcription of KMNP in hemocytes upon different immune challenges 
Ae. aegypti adult females were challenged with different insults: E. coli, M. luteus, 
latex beads and SINV, in order to investigate whether the transcription of KMNP was altered 
by pathogen exposure or by injury alone. Naive and saline injected mosquitoes were used as 
controls. RT-PCR analysis of the total RNA from the hemolymph revealed that the transcript 
levels of KMNP in fact did not change depending on the insult type; all the hemolymph 
samples showed transcript levels equivalent to the controls (Fig. 5.3 (B)). This indicates that 
the insults tested did not affect this gene at the level of the transcript. However, it is likely, 
that this protein undergoes a variety of post translational modifications, and regulation at 
translational or post translational level needs to be assessed. 
5.3.4 KMNP transcription in various tissues of Ae. aegypti with and without immune 
challenge 
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 Transcriptional analyses from different tissues collected from mosquitoes injected 
with either saline or E. coli were performed. Fat body consistently showed higher transcript 
levels as compared to other tissues (Fig. 5.3 (C)). Hemolymph exhibited a high level of 
transcript as well. Mosquito heads showed lower levels of KMNP transcription. Midguts 
showed little or no KMNP transcript production. There was no apparent increase in KMNP 
transcription when mosquitoes were exposed to bacteria as compared to saline alone (Fig. 5.3 
(C)). 
5.3.5 Degradation of bacteria and virus replication in KMNP-suppressed mosquitoes 
In order to investigate the physiological role of KMNP in hemocyte function, adult 
Ae. aegypti mosquitoes were injected with dsRNA for KMNP to suppress gene expression. 
KMNP-suppressed mosquitoes were then challenged with bacteria or virus, and phagocytic 
or degradation capacity, or infection status of the hemocytes were assayed. Hemocytes of 
KMNP-suppressed mosquitoes when challenged with Gram-negative E. coli bacteria are able 
to phagocytose the bacteria as well as the control mosquitoes at 6 hours post-bacteria 
injection (hpi) (Figs. 5.4 (A), 5.5). However, the percentage of bacteria-positive hemocytes in 
KMNP-suppressed mosquitoes at 12 hpi and all the later time points are significantly higher 
than the bacteria-positive hemocytes in control mosquitoes (Fig. 5.5) (two tailed t-test, 
assuming unequal variances, p<0.01). In control (dseGFP injected) mosquitoes, most of the 
E. coli are cleared from the hemocytes by 24 hpi. In contrast, 45% of hemocytes from the 
KMNP-suppressed mosquitoes have GFP-expressing E. coli present inside the cells at 60 hpi 
(Fig. 5.5). Little or no bacteria were observed floating free in the hemolymph at any time in 
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any of the KMNP-suppressed or control mosquitoes. This indicates that KMNP is not 
required for recognition or initial uptake of the bacteria by the hemocytes.    
 KMNP-suppressed mosquitoes, injected with Gram-positive M. luteus, phagocytosed 
these bacteria as efficiently as the control mosquitoes at 6 hpi (Figs. 5.6 (A), 5.7 (A)). The 
percentage of hemocytes that exhibited the presence of any M. luteus in KMNP-suppressed 
mosquitoes remained similar to the control mosquitoes over time (Fig. 5.7 (A)) (two-tailed t-
test, assuming unequal variances, p>0.05). Because M. luteus were stained with NHS-
Rhodamine to visualize it via fluorescence, the diffusion of the stain within hemocytes was 
visible at all time points as bacteria were lysed post phagocytosis (Fig. 5.6 (C, D)).  
Therefore, KMNP did not seem to have a role in clearing the Gram-positive bacteria 
M. luteus. 
 KMNP-suppressed mosquitoes showed similar levels of virus replication in 
hemocytes (as measured by GFP expression) as control mosquitoes when injected with SINV 
TE/5’2J/GFP (Fig. 5.8). Hemocytes from KMNP-suppressed mosquitoes were observed to be 
infected at the same rate as the control mosquitoes at 24 hpi and up to 96 hpi (Fig. 5.7 (B)) 
(two-tailed t-test, assuming unequal variances, p>0.5). Therefore, suppressing KMNP 
transcription had no effect on SINV replication in the hemocytes over time.  
5.3.6 Acidification of lysosomes in hemocytes from KMNP-suppressed mosquitoes 
 For a subset of samples, hemocytes were stained with LysoTracker® in order to test 
for the acidification of lysosomes in the cells. Lysosomes from the control samples stained 
red at 24 and 48 hpi and E. coli were observed in lysosomes at 24 hpi (Fig. 5.9 (A, B)), but 
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not at 48 hpi (Fig. 5.9 (E, F)). In KMNP-suppressed mosquitoes, hemocytes showed similar 
staining of the lysosomes at 24 and 48 hpi, and bacteria were present at both time points 
tested (Fig. 5.9 (C, D, G and H)). Red fluorescence of the LysoTracker® stain indicated that 
the pH in the lysosomes was below 4, the normal pH observed in active lysosomes. These 
data suggest that KMNP had no apparent role in acidification of the lysosomes as measured 
by LysoTracker®, an important step in the phagocytosis process.  
5.4 DISCUSSION 
The process of phagocytosis is fundamental to nutrient uptake and tissue remodeling 
in some unicellular protozoans (see Nakanishi et al., 2011). In vertebrates and invertebrates 
alike, phagocytosis is an essential player in the innate immune system. Phagocytosis by 
macrophages in vertebrates is the primary response to an invading pathogen and in turn acts 
to induce adaptive response. In insects, it is the first line of defense, and in mosquitoes it acts 
within minutes of exposure to a pathogen (Hillyer et al., 2003b, Moita et al., 2005b). In 
mosquitoes, humoral immune responses like the production of anti-microbial peptides peaks 
by 24 hours post pathogen-exposure, a time by which most of the pathogen is cleared by 
phagocytosis (Hillyer et al., 2003b, Bartholomay et al., 2004b). Understanding the molecular 
underpinnings of a complex and conserved immune response such as phagocytosis is 
important to our knowledge of host-pathogen interactions. To this end, our endeavor in this 
study was to investigate these interactions in hemocytes or blood cells which are the primary 
effector tissue for the phagocytosis process in mosquitoes. In this study we have identified a 
novel transcript, KMNP, the protein encoded from which appears to be involved in clearing 
E. coli, specifically in the granulocytes which are the phagocytic cells of the mosquito.  
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Transcriptional analyses for KMNP suggest that this protein is expressed at higher 
levels in the adult stages as compared to juvenile forms and is not regulated at transcript level 
when adult Ae. aegypti are subjected to various insults. KMNP transcription was observed 
mainly in the immune responsive tissues in mosquitoes, the fat body and hemocytes, with 
low transcript levels found in heads and midgut. However, no analyses were done in the 
current study to understand the changes at protein level under the same conditions.  
The molecular model of KMNP indicates the presence of a variety of interesting 
motifs that provide preliminary insight into the physiological role for this protein (Fig. 5.2). 
KMNP appears to be a transmembrane protein. However, the TMHMM analysis does not 
take into account the origin of a membrane, i.e. KMNP could be localized either on the cell 
surface or on any subcellular membrane. KMNP also contains a putative endoplasmic 
reticulum (ER) targeting motif. In vertebrate macrophages, ER membranes have a role in 
formation of phagosome membranes during pathogen invasion (see Desjardins, 2003). 
HSP20, a chaperone-like molecule that has been implicated in phagocytosis of E. coli in 
An. gambiae, also has an ER localization signal (Moita et al., 2005b). The molecular model 
of KMNP also shows an integrin adhesion motif. Integrins have been shown to play a key 
role in cellular as well as humoral immune responses in insects. The beta integrin molecule 
BINT2 is a receptor present on An. gambiae hemocyte surfaces that interact with E. coli 
during the phagocytosis process (Moita et al., 2006). The integrin molecule βPS has been 
implicated in the encapsulation process in Drosophila larvae by mediating cell-to-cell contact 
between hemocytes, specifically in lamellocytes (Irving et al., 2005).  
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Presence of a ‘prokaryotic membrane lipoprotein lipid attachment site’ at the N-
terminus of KMNP (Fig. 5.2) suggests its role in interaction with bacteria in mosquitoes. We 
found that KMNP-suppressed mosquitoes had diminished capacity to clear Gram-negative 
E. coli post-phagocytosis, but were competent in degrading Gram-positive M. luteus in the 
hemocytes post-phagocytosis. Lack of free floating bacteria in the hemolymph in any of the 
mosquitoes, in any of the experiments conducted, strongly suggests that KMNP is not 
involved in recognition of bacteria, but rather acts within the cell in clearing these bacteria 
after they have been internalized by the hemocytes. In An. gambiae hemocyte-like cell line 
5.1* as well as in Drosophila SL2 cells, Gram-negative E. coli are much more readily 
phagocytosed as compared to Gram-positive Staphylococcus aureus (Levashina et al., 2001, 
Moita et al., 2006). In the mosquito Ae. aegypti, E. coli are shown to be easily phagocytosed, 
but M. luteus are mostly melanized initially and later phagocytosed (Hillyer et al., 2003b). In 
our studies, melanization of M. luteus was rarely observed. We used phase contrast 
microscopy to visualize live cells as compared to differential-interface contrast optics used 
by Hillyer et al, which could account for the differences observed. In either case, it is clear 
that mosquito hemocytes interact differently with Gram-negative and Gram-positive bacteria 
(see Blandin et al., 2007). It is currently believed that these differences could be attributed to 
the different receptors that are specific for recognition of different types of bacteria on the 
surface of the phagocytic hemocytes (Levashina et al., 2001, Kocks et al., 2005, Moita et al., 
2006). Our data suggest that factors determining this specificity could exist intracellularly 
and may be involved in roles other than recognition. LysoTracker® analyses show that 
KMNP is not involved in pH regulation within the phagosomes. Other possible roles for 
KMNP within the phagosomes include (1) isolation of pathogens within the phagosome 
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followed by starvation until they perish or (2) regulation of reactive oxygen and nitrogen 
species. Microbes like Brucella species, and Candia albicans have been known to be killed 
by starvation in the phagosomes within vertebrate macrophages (see Kohler et al., 2002, 
Fernandez-Arenas et al., 2007), however there is no evidence of such mechanism in insects. 
Reactive oxygen and nitrogen species are known to be active in lysosomes of macrophages in 
mammals. Recently, hemocytes from the mosquito An. gambiae were shown to up-regulate 
nitric oxide synthase activity upon E. coli infection, but not during M. luteus infection 
(Hillyer et al., 2010).  
 SINV was shown previously to use hemocytes for amplification en route to the 
salivary glands (Parikh et al., 2009). Suppressing KMNP in Ae. aegypti does not affect the 
capacity of this virus to replicate within the hemocytes. This suggests that KMNP is not 
involved in the hemocyte interaction with virus and is apparently specific to bacterial 
interactions within hemocytes. One possible explanation could be that viruses interact with 
immune cells via a different cellular process as compared to bacteria i.e. a different mode of 
entry. For example, phagocytic uptake of latex beads is aided by the c-Jun N-terminal kinase 
pathway, but this pathway is not important for SINV entry into mosquito hemocyte-like cells 
(see Chapter 4).  Additionally, it is possible that these different pathogens exist in distinct 
compartments within the hemocytes and that KMNP is not available to interact with the virus 
because of cellular localization.  
 Here, we have identified and characterized a novel transcript for the protein KMNP, 
which appears to be critical in killing the Gram-negative E. coli post-phagocytosis. Previous 
studies have indicated that generalizing the effector responses to different bacteria based on a 
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few representative bacterial species should be done with caution (Hillyer et al., 2004, 
Blandin et al., 2007). Nevertheless, clear differences exist in hemocyte response to E. coli 
(Gram-negative) and M. luteus (Gram-positive) bacteria in KMNP-suppressed mosquitoes. 
The molecular model for KMNP suggests the presence of various motifs that lead us to the 
potential role for this novel but significant protein in the innate immune response in 
mosquitoes. Identifying the subcellular localization of the protein along with phylogenetic 
analysis in the different mosquito vector species would aid in designating an accurate 
physiological role to KMNP in hemocyte physiology.  
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Fig. 5.1. KMNP supression by dsRNA injection in Ae. aegypti. Mosquitoes injected with 
dsRNA, dsKMNP or dseGFP were perfused at 3 days post-injection, and transcription of 
KMNP analysed by RT-PCR using KMNP-specific primers. Positive control contained 
cDNA from which dsKMNP was synthesized, and negative control had no cDNA added to 
the reaction mixture. 
 
 
Fig. 5.2. KMNP protein motif analysis in Ae. aegypti. Protein motif analysis was conducted 
using VectorNTI program as well as PROSITE and TMHMM. The protein shows the 
presence of a ‘prokaryotic membrane lipoprotein lipid attachment site’ (green) at the N 
terminus, and four transmembrane domains (yellow). Other motifs found were N-
glycosylation and C-mannosylation sites, endoplasmic reticulum (ER) targeting motif, 
integrin adhesion motif and a HLA-A2 site.  
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Fig. 5.3. KMNP transcriptional analyses. Transcript levels for KMNP were assessed in 
juvenile and adult stages of whole body Ae. aegypti via RT-PCR (A). Hemocytes from 
mosquitoes injected with various immune challenges were collected at 24 hpi and transcript 
levels were analyzed by RT-PCR using KMNP-specific primers (B). Ae. aegypti injected 
with either saline or E. coli were dissected at 24 hpi to collect different tissues. Mosquitoes 
were also perfused at 24 hpi to collect hemocytes and these perfused mosquitoes were then 
dissected to collect fat bodies with no attached hemocytes. Transcript levels were analyzed 
using RT-PCR (C). Actin was also amplified from the cDNA and used as a control. 
Representative images from three separate experiments are shown.  
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Fig. 5.4. Degradation of E. coli in hemocytes from KMNP-suppressed Ae. aegypti. 
Hemocytes are shown in pairs of phase contrast and fluorescent images from different time 
points. E. coli were phagocytosed by hemocytes from eGFP suppressed (control) and 
KMNP-suppressed mosquitoes at 6 hpi (A), 12 hpi (B), 24 hpi (C) and 36 hpi (D). At 48 hpi 
(E) and 60 hpi (F), KMNP-suppressed mosquitoes showed the presence of the bacteria in 
hemocytes whereas control mosquitoes rarely showed phagocytic cells with E. coli. 
Representative images from at least three separate experiments are shown. All images were 
taken at 400X magnification. Scale bars = 10 µm. 
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Fig. 5.5. Degradation capacity for E. coli in hemocytes from KMNP-suppressed Ae. aegypti. 
Ae. aegypti females were injected with dsKMNP to knockdown KMNP expression and 3 
days later injected with GFP-expressing E. coli. Mosquitoes were then perfused at various 
time points and phagocytic indices were calculated for five mosquitoes per time point. Each 
experiment was repeated with three separate cohorts of mosquitoes. Data presented are 
cumulative of three separate experiments. dseGFP knockdown mosquitoes were used as 
controls. The percentage of bacteria-positive cells in KMNP-suppressed mosquitoes was 
significantly higher than those in control mosquitoes at 12 hpi and all later time points 
(p<0.01) (two-tailed Student’s t-test, assuming unequal variances). 
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Fig. 5.6. Degradation of M. luteus in hemocytes from KMNP-suppressed Ae. aegypti. 
Hemocytes are shown in pairs of phase contrast and fluorescent images, for different time 
points. M. luteus were labeled with rhodamine to help visualize phagocytosed bacteria. 
M. luteus were phagocytosed by hemocytes in eGFP (control) and KMNP-suppressed 
mosquitoes at 6 hpi (A), 24 hpi (B), 48 hpi (C) and 72 hpi (D). Representative images from 
three separate experiments are shown. All images were taken at 400X magnification. Scale 
bars = 10 µm.  
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Fig. 5.7. Effect of KMNP suppression on the degradation capacity for M. luteus, and SINV 
infection in hemocytes from Ae. aegypti. Degradation of M. luteus was not dependent on 
KMNP expression (A); the percentage of bacteria-positive cells in KMNP-suppressed 
mosquitoes were not statistically different from control (dseGFP injected) mosquitoes at any 
time point checked (p>0.05, two tailed Student’s t-test, assuming unequal variances). SINV 
infection in hemocytes of infected mosquitos was not dependent on KMNP expression (B); 
the percentage of SINV infected hemocytes in KMNP-suppressed mosquitoes was not 
statistically different from control (dsLacZ injected) mosquitoes at any time point checked 
(p>0.05, two tailed Student’s t-test, assuming unequal variances). All data are cumulative 
from three separate experiments, where 5 mosquitoes were perfused per time point in each 
experiment, and phagocytic indices or infection status for hemocytes were analyzed.  
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Fig. 5.8. SINV infection in hemocytes from KMNP-suppressed Ae. aegypti. Hemocytes are 
shown in pairs of phase contrast and fluorescent images from different time points. SINV 
infection was observed in hemocytes from LacZ (control) and KMNP-suppressed mosquitoes 
at 24 hpi (A), 48 hpi (B), 72 hpi (C) and 96 hpi (D). Representative images from three 
separate experiments are shown. All images were taken at 400X magnification. Scale bars = 
10 µm.  
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Fig. 5.9. LysoTracker® analyses of hemocytes from Ae. aegypti post E. coli-injection. 
Hemocytes are shown in pairs of phase contrast and fluorescent images taken at 24 hpi (A, B, 
C and D) and 48 hpi (E, F, G and H). Mature lysosomes (red) are present at 24 hpi with 
E. coli (green) present in hemocytes of GFP suppressed (control) (A, B) and KMNP-
suppressed (C, D) mosquitoes. By 48 hpi, the control mosquitoes (E, F) had cleared E. coli 
from their hemocytes with mature lysosomes still present; whereas KMNP-suppressed 
mosquitoes (G, H) showed presence of E. coli in their hemocytes along with mature 
lysosomes. Representative images from three separate experiments are shown. All images 
were taken at 400X magnification. Scale bar = 10 µm.  
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CHAPTER 6 
CONCLUSIONS 
Cellular immunity in insects is the primary line of defense when facing a pathogen 
invasion and is innate in nature. Immunity in mosquitoes recently has been shown to possess 
some immune memory (Rodrigues et al., 2010). Cellular immunity is mediated by blood 
cells or hemocytes that circulate in the open body cavity or hemocoel, where they are 
employed for surveillance and degradation of invading microbes. In the studies presented, 
hemocyte-pathogen interactions were investigated during virus infections and upon latex 
bead or bacterial exposure.  
Mosquito-arbovirus interactions have been studied at the tissue level before, however, 
these studies were limited to tissues that were easily accessible and considered the primary 
sites for virus amplification, such as the midgut and salivary glands. In this study, mosquito-
arbovirus interactions were explored in hemocytes – the immune cells in mosquitoes. 
Hemocytes from the mosquito Ae. aegypti were found to be infected with the alphavirus, 
Sindbis virus (SINV), from 6 hpi for up to 96 hpi, when the virus was injected via 
intrathoracic injection. Two different strains of SINV, the transducing virus TE/5’2J/GFP 
and the orally infectious MRE16-eGFP, were effective in infecting hemocytes in the 
mosquito Ae. aegypti. Granulocytes, the phagocytic cells, are the most abundant hemocyte 
type in mosquitoes and were the hemocyte sub-population that was most often infected. 
Similar results were found in three other species of mosquito injected with SINV, 
Ae. triseriatus, Ae. albopictus and Cx. pipiens. Virus replication in hemocytes was 
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demonstrated via increase in virus titers in the hemolymph over time. Ae. aegypti mosquitoes 
infected with SINV per os exhibited hemocyte infection from 1 dpi for up to 12 dpi, but 
increased fluorescence intensity was observed from 3 dpi onwards. Granulocytes, again, were 
the cell type that were most infected. These results show that mosquito hemocytes, 
specifically granulocytes, can become infected with two strains of an arbovirus, in four 
different species of mosquitoes, and that this infection did not depend on the route of virus 
infection in mosquitoes, i.e. via intrathoracic injection or per os infection.   
Investigating virus entry mechanisms into a hemocyte-like cell line with the help of 
pharmacologic inhibitors revealed that SINV uses the clathrin-mediated endocytosis 
mechanism to enter these cells. This endocytosis mechanism was aided by the use of acidic 
compartments and the cytoskeletal-network, because actin polymerization was found to be 
important during the early stages, and microtubule polymerization was important during the 
later stages, of virus entry and establishment into the cells. Additionally, the integrin 
associated FAK pathway was involved in virus entry, but not the downstream JNK pathway. 
Therefore, it can be inferred that an alternate downstream pathway of FAK, such as the ERK 
pathway, is important for SINV entry into the cells. Inhibiting the clathrin-mediated 
endocytosis pathway in Ae. aegypti mosquitoes results in decreased hemocyte infection in 
vivo. This inhibitory effect translated into diminished virus infection in head tissue as well as 
salivary glands in mosquitoes. These results are significant, as hemolymph has been 
speculated to be an important factor determining the salivary gland infection barrier (SIB). A 
potential mechanism for the SIB could be anti-viral responses such as RNAi and apoptotic 
cell death in the hemocytes could counteract virus replication, as is seen in lepidopteran 
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larvae infected with baculoviruses (see Clarke et al., 2002). Study of genes and gene 
products involved in apoptosis and RNAi in the presence of virus infection has been done in 
whole bodies, in susceptible mosquitoes (see Sanchez-Vargas et al., 2009, Xi et al., 
2008);this kind of research could benefit from being extended to virus-vector interactions in 
mosquitoes with a known SIB in order to understand the anti-viral response potential of the 
hemocytes.  
Using a similar approach, clathrin-mediated endocytosis was found to be important in 
latex bead uptake by the hemocyte-like cell line – which was used as a model for 
phagocytosis. Moreover, use of acidic compartments was essential for the phagocytosis 
process. It was also necessary for the cells to keep the cytoskeletal framework intact for 
phagocytosis; both actin and microtubule polymerization are critical for the uptake of latex 
beads. Signaling cascades, specifically the JNK pathway, was found to be the most important 
for the phagocytosis process in the hemocyte-like cell line.  
The transcript for a novel protein, Kill me now (KMNP) was characterized, because 
an orthologous gene was found to be hemocyte-enriched in a previous study (Pinto et al., 
2009). The role of KMNP in the process of phagocytosis was analyzed. KMNP transcription 
was shown to be higher in adult females as compared to juvenile forms and adult males. Fat 
body and hemocytes showed greater transcription than other tissues, but transcription did not 
appear to alter significantly with immune challenge. Most importantly, this protein was 
shown to be essential for the degradation of Gram-negative E. coli bacteria post 
phagocytosis. This immune interaction was specific; suppression of KMNP had no effect on 
degradation of the Gram-positive bacterium, M. luteus, post-phagocytosis, or SINV 
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amplification, in hemocytes. This interaction of KMNP with, and its function in degradation 
of, bacteria, did not appear to be mediated by pH decline in lysosomes. Confocal studies to 
co-localize the bacteria with the LysoTracker® stain would help us understand if the bacteria 
are truly within the phagolysosomes, and if KMNP affects the ability of the hemocytes to 
degrade the bacteria, but not the uptake process in the overall process of phagocytosis. 
Additionally, pH change is not the only factor that governs the degradation of microbes in the 
phagolysosomes. Production of reactive oxygen (ROIs) and nitrogen intermediates (RNIs) 
are also shown to be involved in killing microbes in the phagolysosome. Mosquito 
hemocytes are known to produce ROIs and RNIs upon E. coli challenge (Hillyer et al., 
2010). To test if KMNP is indeed involved in the production of ROIs and RNIs, KMNP 
suppressed mosquitoes can be challenged with E. coli in the presence of nitric oxide synthase 
inhibitors or activators, and bacterial degradation can be monitored post-phagocytosis. 
KMNP could also function as an intracellular receptor, similar to some mammalian Toll-like 
receptors (see Jeong et al., 2011). If this was indeed the case, cellular localization of KMNP 
in the presence and absence of E. coli, with the help of immunocytochemistry could resolve 
the issue. Additionally, KMNP could function as an anti-microbial peptide. Being a 
transmembrane protein, assuming it is present on the cell membrane, it could be involved in 
surveillance and degradation of circulating microbes. 
Taken together, these data show the importance of examining hemocytes in the 
context of vector competence. The role of hemocytes in phagocytosis of microbes has been 
studied to some extent in mosquitoes previously (see Hillyer et al., 2003, Bartholomay et al., 
2007). Understanding the molecular mechanisms of pathogen uptake by, and degradation 
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within, the hemocytes is a step towards understanding hemocyte biology. That hemocytes are 
a tissue type that can in fact be infected by an arbovirus, and knowing the mode of entry of 
an arbovirus into hemocytes is significant because the vector-virus interactions in these 
immune cells might determine the ability of the vector-species to transmit a particular virus.  
These studies begin to unravel some of the molecular underpinnings of cellular 
immune responses mediated by hemocytes. Much needs to be done to understand how 
hemocytes interact with the arboviruses at a molecular level, and if they mount an anti-viral 
response. Identifying hemocyte-specific genes and promoter characteristics involved would 
help design a hemocyte-specific promoter which can then be used to unravel hemocyte-
pathogen interactions on a gene-by-gene basis. Moreover, the study of phagocytosis, the 
primary hemocyte mediated effector response in mosquitoes, is important, because as seen in 
this study and others, hemocyte biology in insects resembles macrophage biology in 
vertebrates and can provide insight into conserved mechanisms across these systems. 
Characterization of KMNP and similar immune responsive proteins whose physiological 
functions are yet unknown is essential to understand how hemocytes function, not only at the 
level of pathogen recognition, but also in the context of degradation. Taking into account the 
vigorous research conducted in the area of vector biology and vector-pathogen interactions in 
particular, some of these concerns will likely be resolved in the future.  
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